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PREFACE. 


In  preparing  this  book  the  author  has  aimed  to  produce  a  laboratory 
manual  suitable  for  general  electrical-engineering  work  such  as  is 
covered  during  the  Junior  and  Senior  years  in  most  American  colleges 
of  engineering.  The  experiments  described  cover  the  principal  types  of 
electrical  machinery  and  auxiliary  devices,  as  well  as  the  most  impor- 
tant commercial  applications  of  electricity.  Some  knowledge  of  physics 
is  assumed  on  the  part  of  the  student,  and  at  least  some  elementary 
practice  in  a  physical  laboratory;  but,  for  completeness  of  treatment 
several  experiments  are  described  recalling  to  the  student's  mind  the 
fundamental  physical  laws  of  electricity  and  magnetism  in  their  simpler 
practical  aspects. 

The  arrangement  of  the  book  is  such  as  to  make  each  chapter  as  far 
as  possible  independent;  in  this  way  the  laboratory  experiments  may 
be  performed  in  almost  any  desired  order,  to  suit  the  equipment  at 
hand  and  the '  schedule  of  the  class-room  exercises.  For  the  same 
reason  cross-references  have  been  avoided  as  much  as  possible.  Each 
chapter  covers  one  particular  class  of  machinery  or  electrical  relations; 
the  experiments  of  the  chapter  are  described  in  an  ascending 
scale  of  difficulty  or  importance.  For  instance,  the  chapters  on 
direct-current  machines  and  on  alternators  are  subdivided  into  (1) 
operating  features,  (2)  commercial  tests,  and  (3)  a  more  advanced 
study  of  the  magnetic  circuit  and  armature  windings.  For  easy 
reference,  the  experiments  in  each  chapter  bear  the  name  of  the 
chapter.  Thus,  the  experiments  in  the  third  chapter  are  numbered: 
3-A,  3-B,  3-C,  etc. 

The  laboratory  schedule  can  be  arranged,  if  desired,  so  as  to  cover 
all  the  experiments  of  a  particular  chapter  in  succession;  but  the  author 
greatly  prefers  the  so-called  concentric  disposition  of  the  course.  In 
accordance  with  this  method  the  Junior-year  course  is  made  up  of  ele- 
mentary experiments  selected  from  nearly  all  the  chapters  of  the  book; 
the  student  being  thus  introduced  to  the  whole  domain  of  electrical 
engineering.  Then  during  the  first  term  of  his  Senior  year  he  performs 
more  advanced  experiments  relating  to  the  same  subjects.      Finally, 
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during  the  second  term  he  is  given  still  more  special  tests  (again  on  the 
same  subjects)  requiring  a  more  mature  understanding  of  the  theory.* 

The  concentric  method  has  marked  advantages  over  the  usual  method 
with  which  the  student  is  first  given  a  thorough  training  in  one  subject, 
say  direct-current  machinery,  before  he  is  allowed  to  take  up  the  next 
subject,  for  instance,  alternating-current  machinery.  The  principal 
advantage  is  that  the  "concentric"  method  is  more  in  accordance  with 
human  nature;  we  always  desire  a  bird's-eye  view  of  a  subject 
before  we  care  to  go  into  the  details  of  a  particular  branch.  In  this 
way  the  course  is  made  more  interesting  and  more  correct  from  a 
psychological  point  of  view.  Another  advantage  is  that  the  student 
is  brought  in  contact  with  the  same  subject  at  least  three  times  during 
the  course,  and  not  only  is  he  not  allowed  to  forget  it,  but  he  sees  it 
each  time  from  a  more  advanced  standpoint. 

There  are  also  some  minor  advantages  of  the  concentric  arrangement. 
For  instance,  the  student  is  better  prepared  for  practical  work  during 
the  summer  between  his  Junior  and  Senior  years  if  he  has  handled  all 
classes  of  machinery  in  the  Junior  laboratory;  he  is  prepared  to  read 
electrical  periodicals;  he  can  be  given  more  delicate  apparatus  in  the 
Senior  laboratory,  etc.  The  laboratory  equipment  may  be  utilized 
much  better  if  various  sections  of  students  are  allowed  to  work  on 
entirely  different  subjects.  However,  as  was  mentioned  above,  the 
book  may  be  used  with  any  order  in  which  the  experiments  might  be 
performed  in  the  laboratory. 

The  plan  followed  in  each  chapter  is  this:  first  the  particular  class 
of  machinery  is  described  and  the  practical  needs  for  certain  arrange- 
ments and  procedures  of  operation  are  given;  then  the  object  and  the 
method  of  each  particular  experiment  are  described  in  detail,  and 
instructions  given  for  the  manner  in  which  data  should  be  taken.  At 
the  end  of  most  experiments  the  requirements  for  the  reports  are  stated 
so  that  the  student  will  not  omit  to  take  all  the  necessary  readings 
and  dimensions  while  in  the  laboratory. 

It  is  advisable  to  have  printed  data  sheets  for  the  more  complicated 
experiments;  this  will  lead  the  student  to  take  readings  neatly  and 
systematically  and  to  record  the  general  information  about  the  appa- 
ratus. In  some  cases  diagrams  of  connections  and  the  necessary  pre- 
cautions to  be  observed  should  be  posted  near  the  apparatus. 

Some  teachers  may  think  this  is  too  much  guidance,  and  that  no 
margin  for  original  thinking  is  left   the  student.     Experience  shows, 

*  See  also  the  author's  paper  on  "  The  Concentric  Method  of  Teaching  Electrical 
Engineering/'  read  before  the  annual  convention  of  the  American  Institute  of 
Electrical  Engineers,  at  Niagara  Falls,  in  June,  1907. 
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however,  that  it  is  advisable  first  to  acquaint  students  with  good  and 

efficient  methods  of  experimenting;   more  individual  freedom  may  be 

given  in  more  advanced  stages  of  the  work. 

The   author  wishes  to  express  his  appreciation  of  the  assistance 

rendered  to  him  by  the  instructors  in  the  Electrical  Engineering 
Laboratory  of  Cornell  University  in  giving  him  valuable  suggestions 
from  their  experience.  He  also  wishes  to  acknowledge  the  moral  sup- 
port which  he  received  from  Professors  R.  C.  Carpenter,  H.  J.  Ryan, 
and  H.  H.  Norris  in  the  preparation  of  this  book.  To  several  manu- 
facturers of  -electrical  apparatus  he  is  under  obligation  for  valuable 
information  and  electrotypes. 

The  authox*  is  also  indebted  to  his  friend  Mr.  B.  C.  Dennison,  of  the 
Department  of  Electrical  Engineering  of  Cornell  University,  for  reading 
the  manuscript  and  proofs.  His  painstaking  care  and  unselfish  interest 
were  of  inestimable  value  in  forwarding  the  publication  of  the  book. 

CORNKLL.    TJj«VERSITY,  ITHACA,  N.Y., 

October,  1907. 


GENERAL  REMARKS  ON  ELECTRICAL 
LABORATORY  WORK. 

The  right  attitude  of  mind  is  the  most  essential  condition  for  success 
in  any  kind  of  work.  In  application  to  the  laboratory  the  thought 
should  be:  "  I  am  coming  to  the  laboratory  to  get  as  much  information 
and  practical  experience  as  possible;  this  is  for  my  own  interest,  and 
I  am  going  to  use  this  opportunity  to  my  best  advantage."  With- 
out this  feeling  on  the  part  of  the  student,  the  best  equipment, 
instructions  and  instructors  are  of  little  value;  it  may  even  be  said 
that  the  results  of  the  work  depend  directly  upon  the  right  attitude  of 
mind,  and  a  man  who  wants  to  learn  will  find  the  necessary  information 
in  spite  of  very  adverse  conditions. 

In  order  to  get  the  maximum  benefit  from  a  laboratory  experiment 
the  student  should  (a)  come  to  the  laboratory  sufficiently  prepared, 
{b)  perform  the  experiment  in  the  proper  way,  and  (c)  work  up  the 
results  intelligently.  A  few  points  of  advice  given  below  may  be  of 
benefit  to  the  beginner  in  experimental  work. 

I.  Preparation  for  laboratory  work.  Without  sufficient  preparation 
too  much  of  the  laboratory  time  is  wasted  in  unnecessary  questions, 
discussions,  and  in  guess-work;  the  readings  are  taken  hurriedly,  and 
are  likely  to  be  unsatisfactory  or  incomplete.  One  of  the  results  of 
an  insufficient  preparation  is  that  many  interesting  phenomena  escape 
attention,  and  those  observed  are  not  interpreted  aright.  Therefore, 
before  you  come  to  the  laboratory  prepare  yourself  as  follows: 

(1)  Read  carefully  the  instructions  relating  to  the  experiment,  and 
if  possible  look  up  the  general  theory  of  the  particular  apparatus. 

(2)  Try  to  see  the  apparatus  with  which  you  expect  to  work,  before 
your  regular  laboratory  time;  this  will  help  you  while  reading  the 
explanations,  as  the  whole  arrangement  will  be  more  real  to  you. 

II.  Performing  the  experiment.  It  is  difficult  to  give  general  advice 
good  for  all  experiments;  special  precautions  to  be  observed  are  given 
in  the  corresponding  instructions.  A  student,  who  is  duly  prepared 
for  the  experiment,  and  knows  what  he  is  doing  and  for  what  purpose, 
can  be  reasonably  sure  to  get  satisfactory  results.  To  save  time  and 
trouble  it  is  well  to  observe  the  following: 

(1)  Be  careful  with  the  machines  and  instruments  intrusted  to  your 
care:  Not  only  is  it  customary  to  charge  the  one  at  fault  for  the  full 
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amount  of  damage,  but  you  must  remember  that  in  many  cases  some 
of  your  colleagues  and  friends  may  be  deprived  of  the  benefit  of  a 
laboratory  exercise  because  of  apparatus  having  been  damaged  by  you. 

(2)  Many  direct-current  ammeters  have  external  shunts,  and  some 
voltmeters  have  separate  multipliers.  Connecting  into  a  circuit  an 
ammeter  without  its  shunt,  or  a  voltmeter  without  its  multiplier,  invari- 
ably results  in  burning  out  the  instrument.  It  is  hardly  possible 
or  even  desirable  to  make  these  instruments  proof  against  careless 
handling;  at  any  rate  they  represent  the  actual  commercial  practice. 
The  repair  of  a  burned-out  instrument  is  comparatively  expensive,  so 
that  the  student  should  be  careful  in  handling  electrical  measuring 
instruments. 

(3)  Do  not  forget  to  protect  the  circuit  from  an  accidental  overload) 
by  fuses  or  by  a  circuit-breaker  of  proper  size;  also  be  sure  that  you 
know  exactly  which  switch  to  open  in  case  of  an  emergency.  When 
an  electric  motor  is  a  part  of  your  apparatus,  make  the  connections 
in  such  a  way  that  the  motor  cannot  possibly  run  away  and  do  damage. 

(4)  Some  of  the  laboratory  exercises  naturally  imply  the  use  of  high 
voltages  dangerous  to  life;  however,  in  educational  laboratories  the 
apparatus  is  usually  arranged  so  that  the  student  does  not  need  to 
handle  live  wires,  or  even  come  near  them.  An  accident  is  possible 
only  as  a  result  of  gross  negligence,  and  will  be  out  of  the  question  if 
the  student  will  follow  this  simple  rule:  not  to  touch  any  live  parts  of  the 
circuit,  and  always  to  open  the  main  switch  before  making  any  changes. 

(5)  In  coming  to  the  laboratory,  bring  with  you  a  slide-rule,  an 
inch-rule  or  tape,  a  speed  counter,  a  screwdriver  and  a  pair  of  pliers. 
This  will  save  you  time  and  trouble  of  looking  for  them  or  borrowing 
from  other  students.  Do  not  forget  to  have  a  pocket-knife  for  skinning 
off  wire;  a  small  wrench  is  also  very  useful.  Provide  enough  clean 
paper  for  sketches,  diagrams,  and  notes. 

(6)  In  taking  down  readings,  it  is  advisable  to  use  carbon  paper 
so  as  to  get  a  copy  for  each  partner;  this  saves  copying.  Have  cross- 
section  paper  with  you,  and  whenever  possible  plot  approximate  curves 
as  soon  as  the  complete  set  of  readings  has  been  taken.  In  this  way 
doubtful  and  contradictory  results  are  detected  at  once  and  their  cause 
made  clear.  The  more  care  and  intelligent  effort  exercised  in  the 
laboratory,  the  less  trouble  one  has  in  the  preparation  of  the  report. 

(7)  In  performing  an  experiment,  start  whenever  possible  with  the 
most  difficult  conditions:  heaviest  load,  lowest  power  factor,  highest 
voltage,  etc.  This  for  two  reasons:  First,  if  you  can  get  satisfactory 
readings  under  such  conditions  you  may  be  reasonably  sure  of  being 
able  to  take  the  whole  curve;  at  any  rate  there  is  enough  time  to  change 
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the  instruments,  the  scheme  of  connections,  etc.  Secondly,  the  points 
at  a  heavy  load,  or  under  other  unfavorable  conditions,  are  usually 
the  most  interesting  to  get:  thus,  should  anything  prevent  your  getting 
the  complete  curve,  you  will  still  have  enough  data  for  a  satisfactory 
report. 

(8)  Should  anything  go  wrong,  an  instrument  be  damaged  a  bear- 
ing or  a  winding  heat,  a  rheostat  burn  out,  etc.,  do  not  try  to  hide  the 
fact,  but  report  without  delay  to  the  instructor.  We  know  that  acci- 
dents will  happen,  and  honesty  is  the  best  policy. 

(9)  Always  put  on  your  data  sheets  serial  numbers  of  tie  instru- 
ments used  during  the  experiment.  This  helps  to  locate  a  pos- 
sible discrepancy  or  contradiction  in  the  data,  and  will  enable  the 
instructor  to  supply  you  with  the  right  constant  after  the  laboratory 
period. 

III.  Writing  up  reports.  The  report  must  possess  as  much  indivi- 
duality as  possible,  in  order  to  be  of  any  use  whatever.  After  having 
performed  the  experiment,  discussed  the  problem  during  the  recitation, 
and  worked  out  the  numerical  results,  you  certainly  ought  to  get  some 
idea  of  the  subject.  All  that  is  required  of  you,  then,  is  to  give  the 
method  used  and  the  results  arrived  at;  if  you  can  add  to  it  some  per- 
sonal observations  and  remarks,  so  much  the  better.  The  following 
points  should  be  noted  in  particular: 

(1)  Make  the  report  clear,  concise,  and  systematic:  The  instructor 
has  many  reports  to  read,  and  his  time  is  limited.  Moreover,  a  con- 
fused or  hurriedly  written  report  is  apt  to  prejudice  the  instructor's 
judgment  of  its  value. 

(2)  Do  not  repeat  in  the  report  things  already  stated  in  the  manual: 
a  reference  to  the  page  number  is  sufficient.  Where,  however,  the  text 
contains  the  general  principle  only,  it  is  well  to  explain  its  particular 
application  in  your  experiment. 

(3)  In  most  cases,  definite  directions  are  given  as  to  how  to  plot 
certain  curves.  If,  however,  you  find  that  a  particular  point  can  be 
best  illustrated  in  a  different  way,  you  are  most  welcome  to  do  so. 
The  directions  are  merely  intended  to  facilitate  your  work,  and  not  to 
limit  your  original  thinking  and  initiative. 

(4)  Criticisms  of  all  kinds  are  highly  desirable,  since  they  greatly 
increase  the  value  of  the  report.  Criticise  anything  you  wish  to  —  the 
subject  of  the  experiment,  the  available  laboratory  equipment,  the 
method  of  performing  the  experiment,  laboratory  rules,  conduct  of 
recitations,  requirements  for  reports,  etc.  All  these  are  capable  of 
improvement,  and  the  instructors  are  glad  to  have  your  suggestions 
and  remarks.     In  doing  so  you  profit  by  developing  a  critical  point  of 
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view  in  your  specialty,  while  the  laboratory  management  profits  by 
having  its  attention  called  to  the  weak  points  of  the  work.  Wherever 
in  industrial  and  commercial  establishments,  the  employees  are 
encouraged  to  give  their  suggestions  to  the  management,  the  results 
are  beneficial  to  both  parties;  there  is  no  reason  to  doubt  the  same 
good  results  in  an  educational  institution. 
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CHAPTER  I. 
MEASUREMENT  OF   RESISTANCES. 

I.  Experience  shows  that  electrical  conductors.offer  a  certain  oppo- 
sition to  the  passage  of  an  electric  current.  It  is  necessary,  therefore, 
to  apply  a  difference  of  potential,  or  an  electromotive  force,  at  the  ends 
of  the  conductor  to  produce  a  flow  of  current  in  it.  This  is  analogous 
to  a  difference  of  pressure  necessary  at  the  ends  of  a  pipe  in  order  that 
water  may  flow  through  it.  It  is  also  found  that  the  electrical  pressure 
£  to  be  applied  at  the  ends  of  a  conductor  is  proportional  to  the  current 
/  desired  to  be  produced  in  the  conductor.     In  other  words, 

E  -  RI 

where  R  is  a  coefficient  of  proportionality,  called  the  resistance  of  the 
conductor.  This  experimentally  determined  relation  between  electro* 
motive  force  and  current  is  called  Ohm's  law.  The  greater  the  resist- 
ance R,  the  higher  must  be  the  electromotive  force  E  to  produce  a 
certain  current  /.  In  this  respect  electrical  resistance  -R  is  analogous 
to  friction  between  the  walls  of  a  pipe  and  water  flowing  through  it; 
the  more  this  friction  the  higher  the  pressure  required  to  produce  the 
same  flow  of  water  in  the  pipe. 

The  resistance  of  a  conductor  is  its  most  important  electrical  feature, 
and  various  methods  have  been  devised  for  accurately  measuring  and 
comparing  resistances.  The  practical  unit  of  resistance  is  called  the 
ohm.  According  to  the  definition  of  this  unit  established  by  an  inter- 
national agreement,  it  is  represented  by  the  resistance  of  a  column  of 
mercury  of  a  definite  length  and  cross-section  and  at  a  definite  tem- 
perature. The  reasons  for  selecting  this  unit,  and  the  relation  of  the 
ohm  to  the  absolute  or  c.g.s.  (centimeter-gram-second)  system,  possess 
little  interest  for  practical  engineers.  For  them  it  is  an  arbitrary  unit 
of  which  the  prototype  is  carefully  preserved  by  the  respective  govern- 
ments, and  to  which  prototype  secondary  standards  in  practical  use 
are  compared. 
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Two  methods  for  measuring  resistances  are  most  often  used  in 
practice: 

(a)  Drop-of -potential  method; 

(b)  Wheatstone  bridge. 

The  first  method  is  based  directly  on  Ohm's  law  given  above;  the 
second  is  a  zero,  or  balance,  method,  the  unknown  resistance  being 
compared  to  a  standard.  These,  and  some  other  methods,  are  described 
below  and  illustrated  in  application  to  some  important  practical 
problems. 

DROP-OF-POTENTIAL   METHOD. 

2.  The   resistance  of  a  conductor  is  determined  by  this  method  as  the 
ratio  of  a  voltage  at  the  terminals  of  the  conductor  to  the  current  pro- 
duced by  this  voltage.     The  neces- 
sary connections  are  shown  in  Fig.  1. 
X  is  the  unknown  resistance  which 
is  connected  in  series  with  a  source 
of  current,  such  as  the  battery  Ba. 
The  current  strength  is  adjusted  by 
M/^c\         3     *     "^Hu.         J      the  rheostat   K,  and   is    measured 
\Ls         °vVVvVVv0  on  ^  ammeter  A.      A  voltmeter 

,,     -     .,  .    ,  .         is  connected  across   the  terminals 

Fig.  1.     Measurement  of  resistance  by 

the  drop-of-potential  method.  °*  the  resistance  A . 

If  E  is  the  voltmeter  reading  in 

volts,   and   a   current   of    /   amperes  is  read  simultaneously  on  the 

ammeter,   the    resistance    of    the   conductor    X  =  E  ■+■  /   (in  ohms). 

This  is  according  to  Ohm's  law  mentioned  in  §  1. 

Usually  several  readings  are  taken  with  different  values  of  the  current, 
and  an  average  calculated  of  the  corresponding  values  of  JR.  It  is 
important  not  to  use  too  large  a  current  which  might  appreciably  heat 
the  conductor.  Experience  shows  that  the  resistance  of  most  conduct- 
ors depends  on  their  temperature;  in  making  measurements  it  is  there- 
fore necessary  to  note  to  what  temperature  they  refer. 

As  a  further  precaution,  the  current  flowing  through  the  voltmeter 
must  be  negligible  as  compared  to  that  flowing  through  the  resistance 
X;  otherwise  a  correction  may  be  necessary  for  the  ammeter  reading. 
Suppose,  for  instance,  that  the  voltmeter  shows  100  volts,  and  the 
ammeter  reading  be  0.5  ampere.  Let  the  resistance  of  the  voltmeter 
itself  be  10,000  ohms.  At  a  pressure  of  100  volts,  the  current  through 
the  voltmeter  is  100/10,000  =  0.01  ampere.  Therefore,  the  true 
current  through  X  is  0.50  -  0.01=  0.49  ampere,  and  the  unknown 
resistance  X  =  100  +  0.49  =  204  ohms. 
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Employing  this 'method  for  very  accurate  measurements,  a  poten- 
tiometer is  used  (§  63),  or  a  static  voltmeter  (§  43)  instead  of  an 
ordinary  voltmeter;  with  either  of  these  no  current  is  shunted 
around  X,  and  no  correction  is 


necessary. 

A  modification  of  the  drop-of- 
potential  method  is  shown  in 
Fig.  2;  here  a  standard  resist- 
ance R  is  used  in  place  of  the 
ammeter,  and  the  voltage  drop 
is  taken  in  succession,  first  across 
Rf  then  across  X.  Let  the  read- 
ings be  ER  and  Ex.  If  the  cur- 
rent /  has  not  changed  during 
the  measurement,  we  have, 


Ba. 


<—<A/S/\/*> 


k><3— >| 


<AAAAA/W 


Fig.  2.     Comparison  of  resistances,  using  a 
voltmeter. 


or 


X=R%*. 
ER 


The  voltmeter  is  conveniently  transferred  from  one  resistance  to  the 
other  by  using  flexible  leads  U.  The  advantage  of  this  method  is  that 
only  one  instrument,  instead  of  two,  needs  to  be  calibrated,  and  even 
for  this  one  instrument  it  is  not  necessary  to  know  the  actual  values  of 
divisions  on  its  scale,  since  only  the  ratio  of  the  readings  enters  into  the 
result.  Where  extremely  accurate  results  are  required  R  and  X  are 
compared  by  means  of  a  potentiometer  (see  J  43). 

Experiments  and  practical  tests  to  be  described  later  illustrate  the 
drop-of-potential  method. 

3.  Influence  of  Length,  Cross-Section  and  Material  of  a  Con- 
ductor on  its  Resistance.  —  It  is  found  that  the  resistance  of  a  con- 
ductor (a)  increases  in  proportion  to  its  length,  and  (b)  varies  in  an 
inverse  ratio  with  its  cross-section.  Hence,  the  resistance  may  be 
expressed  by  the  formula 


R 


kl 


(1) 


where  I  is  the  length  of  a  conductor,  q  is  its  cross-section,  and  k  a 
physical  constant  which  characterizes  the  material  of  the  conductor. 
This  again  is  analogous  to  the  flow  of  water  through  a  pipe:  the  longer 
the  pipe,  the  greater  is  its  frictional  resistance;  the  larger  its  cross- 
section,  the  easier  it  is  to  force  through  it  a  certain  quantity  of  water 
per  minute. 
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The  constant  k  is  called  the  specific  resistance  of  the  material  of  a 
conductor.  Its  physical  meaning  is:  resistance  of  a  conductor  of  unit 
length  and  of  unit  cross-section.  The  length  is  usually  measured  in 
feet,  the  cross-section  in  circular  mils.  A  circular  mil  is  the  area  of  a 
circle  having  a  diameter  of  1  mil  =  0.001  inch. 

For  copper,  k  =  about  10  ohms  at  ordinary  room  temperature, 
which  means  that  the  resistance  of  a  piece  of  copper  wire  1  ft.  long  and 
of  a  cross-section  of  1  circular  mil  is  about  10  ohms.  The  electrical 
resistance  of  most  metals  increases  appreciably  with  temperature, 
therefore,  in  stating  a  resistance,  it  is  necessary  to  mention  to  what 
temperature  it  refers. 

4.  EXPERIMENT  1-A.  —Determining  Influence  of  Length, 
Cross-Section  and  Material  of  a  Conductor  on  its  Resistance.  —  The 

purpose  of  the  experiment  is  to  verify  the  relations  stated  in  the  pre- 
ceding paragraph  and  to  determine  the  specific  resistance  k  for  a  few 
metals  used  in  practice.  The  connections  are  shown  in  Fig.  1;  or,  if 
preferred,  the  method  shown  in  Fig.  2  may  be  used.  Insert  the  wire 
to  be  tested,  in  place  of  X,  and  adjust  the  current  by  the  rheostat  K. 
Read  the  current  on  the  ammeter,  and  the  voltage  drop  across  a  certain 
length  of  the  wire.  Use  knife-edge  contacts  at  the  end  of  the  voltmeter 
leads,  in  order  to  insure  a  good  contact  and  to  have  a  definite  length 
of  wire.  Reduce  the  current  in  steps  and  read  the  corresponding 
voltages. 

Repeat  the  same  experiment  on  wires  of  (a)  different  length,  (b) 
different  cross-section,  (c)  different  materials.  The  metals  of  chief 
importance  in  electrical  engineering  are:  copper,  aluminum,  iron, 
German  silver,  and  manganin.  In  each  case  vary  but  one  factor  enter- 
ing into  the  formula  (1);  keep  the  other  factors  constant.  With  each 
sample  of  wire  take  several  readings  of  volts  and  amperes  in  order  to 
eliminate  possible  errors  and  to  obtain  more  accurate  results.  Do 
not  use  large  currents,  which  might  appreciably  heat  the  conductors 
under  test;  unless  you  have  a  means  for  ascertaining  the  temperature 
of.  the  conductor.  When  accurate  results  are  required,  conductors  are 
immersed  in  an  oil-bath  maintained  at  a  definite  temperature.  Before 
leaving  the  laboratory  measure  the  lengths  and  the  cross-sections  of 
the  samples  tested. 

Report.  (1)  Figure  out  the  resistances  of  the  samples  tested;  this 
being  done  by  dividing  volts  by  the  corresponding  amperes.  It  is  best 
to  average  the  readings  for  each  sample.  A  short  way  to  do  this  is  as 
follows:  plot  the  observed  volts  to  amperes  as  abscissae  on  a  sheet  of 
cross-section  paper,  and  draw  a  straight  line  passing  through  the  origin 
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and  the  points  thus  obtained.  The  average  resistance  is  then  calcu- 
lated from  any  point  on  this  line. 

(2)  Show  from  the  results  of  the  experiment  that  resistances  are 
directly  proportional  to  the  length  of  a  conductor  and  inversely  pro- 
portional to  its  cross-section. 

(3)  Calculate  the  specific  resistance  k  for  the  materials  tested, 
using  the  foot  and  circular  mil  as  the  units. 

5.  Influence  of  Temperature  on  the  Resistance  of  Conductors.  — 
The  electrical  resistance  of  metals  increases  with  their  temperature; 
within  practical  limits  the  increase  in  resistance  is  usually  assumed  as 
proportional  to  the  temperature  rise.  For  copper  the  resistance 
increases  0.42  per  cent  for  each  degree  centigrade,  the  resistance  at  0°C. 
being  assumed  as  100  per  cent.  Thus,  if  the  resistance  of  a  copper  con- 
ductor at  15  degrees  C.  (#15)  is  5  ohms,  then,  since 

#i5=r#o(l  +  .0042X15), 

the  resistance  at  25°  C.  is 

R2S  -  B.  (1  +  .0042  X  25)  -  R„  (^ffg) 

Substituting  the  value  of  #15,  we  find  R25  =  5.197  ohms.  A  constant, 
such  as  0.0042,  is  called  the  temperature  coefficient  of  a  conductor;  it 
varies  within  wide  limits  with  different  substances. 

Liquids  have  a  negative  temperature  coefficient;  their  resistance 
decreasing  with  the  increase  in  temperature. 

In  solving  various  practical  problems  it  is  of  importance  to  know 
the  temperature  coefficient  or  per  cent  increase  of  resistance  with 
temperature  for  various  substances.    Thus,  for  instance: 

(1)  Resistances  used  as  standards  must  be  made  of  materials  having 
a  negligible  temperature  coefficient. 

(2)  Some  protective  resistances  (for  instance,  those  used  in  Nernst 
lamps)  are  made  of  a  material  whose  resistance  increases  rapidly  with 
temperature.    This  protects  the  apparatus  against  excessive  currents. 

(3)  Knowing  the  temperature  coefficient  of  a  material,  temperature 
rise  in  electrical  windings  may  be  measured  more  accurately  than  with  an 
ordinary  thermometer;  also  in  places  where  it  would  be  impossible  to 
reach  with  a  thermometer. 

Iron  is  interesting  in  that  its  resistance  increases  rather  slowly  at 
ordinary  temperatures,  and  very  rapidly  when  it  is  just  beginning  to 
glow  dull  red.  This  is  the  reason  for  using  iron  for  protective  resistances 
in  Nernst  lamps. 

Resistance  of  carbon  decreases  with  increasing  temperature;  therefore 
carbon  is  spoken  of  as  having  a  negative  temperature  coefficient.    For 
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this  reason,  the  current  in  an  incandescent  lamp  increases  more  rapidly 
than  the  terminal  voltage.  This  is  an  undesirable  feature,  since  it 
makes  the  lamp  particularly  sensitive  to  voltage  fluctuations. 

6.  EXPERIMENT  1-B.  —Determination  of  Temperature  Coeffi- 
cient of  Metal  Conductors. — The  experiment  is  performed  in  a  way 
similar  to  Experiment  1-A;  the  materials  tested  must  be  placed  in  an 
oil-bath  maintained  at  a  definite  temperature.  The  bath  is  heated 
gradually,  and  readings  of  volts  and  amperes  are  taken  as  in  Fig.  1 
every  few  minutes.  The  corresponding  temperatures  are  read  on  a  ther- 
mometer placed  in  the  oil.  Perform  this  experiment  with  materials  such 
as  iron  or  copper  which  have  an  appreciable  temperature  coefficient, 
and  with  manganin  and  German  silver  which  have  a  negligible  temper- 
ature coefficient. 

Observe  the  rapid  increase  in  resistance  of  an  iron  wire  as  it  becomes 
dull  red.  The  wire  may  be  heated  by  the  same  current  by  which  the 
resistance  is  measured.  No  oil-bath  is  used  with  this  experiment, 
and  only  qualitative  results  are  expected. 

Demonstrate  that  the  resistance  of  carbon  decreases  with  an  increase 
in  temperature.  This  can  be  easily  shown  on  the  filament  of  an  ordi- 
nary incandescent  lamp.  Gradually  raise  the  voltage  at  the  terminals 
of  the  lamp  and  read  the  corresponding  values  of  the  current.  Refer 
the  readings  to  the  states  of  incandescence,  thus:  the  lamp  just  begins 
to  glow,  dull  red,  red,  bright  red,  yellow,  white,  brilliant  white. 

Report.  (1)  Calculate  the  values  of  the  temperature  coefficient  for 
the  materials  tested. 

(2)  Give  the  results  of  the  test  on  the  iron  wire  at  dull  incan- 
descence. 

(3)  Plot  the  resistances  of  the  incandescent  lamp  to  terminal  volts 
as  abscissae;  mark  on  the  curve  the  stages  of  incandescence. 

7.  EXPERIMENT  1-C.  —  Determination  of  Temperature  Rise 
in  Windings  by  the  Increase  in  Resistance. — This  problem  is  the 
inverse  of  that  in  the  preceding  experiment.  The  temperature  coeffi- 
cient is  now  assumed  to  be  known,  and  the  temperature  rise  of  a  coil  of 
wire  is  calculated  from  the  observed  increase  in  its  resistance. 

Suppose,  for  instance,  the  resistance  of  a  coil  of  copper  wire  to  be 

4.573  ohms  at  15  degrees  C,  while  at  some  unknown  temperature  it 

was  found  to  be  5.468  ohms.     For  copper,  resistance  increases  0.42 

percent  for  each  degree  centigrade;  therefore,  the  resistance  of  the  coil 

atO°C.is 

4.573 


1  +  .0042  X  15 


=  4.302  ohms. 
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The  per  cent  increase  of  resistance  to  the  unknown  temperature  is 

5.468  -  4.302      ^  -  _„        . 

=  27.1  per  cent. 

4.302  ^ 

Therefore,  the  unknown  temperature  is 

^  =  64.5°  C. 
0.42 

This  is  the  method  regularly  used  for  the  determination  of  tempera- 
ture rise  in  windings  of  electrical  machinery.  A  measurement  by 
thermometers  is  not  sufficient,  because  the  temperature  of  the  outside 
layers  may  be  considerably  below  that  in  the  center  of  the  coil  (Fig.  3). 
An  excessive  temperature  rise  inside  the  coil  deteriorates  the  insulation 
and  finally  causes  a  short-circuit. 

Temperature  rise  in  a  coil  depends  essentially  upon  the  conditions 
of  cooling.  In  some  cases,  as  for  instance  in  transformers,  coils  are 
cooled  artificially  by  immersing  them  in  oil  or  by  subjecting  them  to 
a  draft  of  air,  (oil-cooled  and  air-cooled  transformers).  To  illustrate 
this  there  is  provided  the  following  experiment. 

Take  three  identical  coils,  connect  them  in  series  and  investigate 
temperature  rise  under  different  conditions  of  cooling:  Place  one  coil 
in  a  space  protected  from  draft;  put  another  coil  in  an  oil-bath;  subject 
the  third  coil  to  an  artificial  draft —  that,  for  instance,  produced  by  an 
electric  fan.  Adjust  the  current  so  that  the  coil  without  artificial 
cooling  would  be  heated  up  to  its  safe  limit  in  a  reasonable  amount  of 
time — about  an  hour.     Read  the  current  through  the  coils  and  the 


Carve  of  Dl&tribtaJon  of  Temper* Hire 


Exploring  Iron  Wires 
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Fig.  3.     Cross-flection  of  a  coil,  showing  exploring  wires  and  distribution  of 

temperature. 

voltage  drop  across  each  coil  every  few  minutes.  Note  the  tempera- 
ture on  the  surface  of  the  coils  with  ordinary  thermometers  (see  Fig. 
321). 

Such  a  test  gives  only  an  average  temperature  rise  throughout  the 
coil,  but  not  the  maximum  temperature  of  the  central  layers  (Fig.  3). 
The  distribution  of  temperature  within  a  coil  may  be  investigated  by 
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placing  exploring  wires  in  various  places,  as  shown  by  small  circles. 
The  temperature  rise  is  determined  by  the  increase  in  the  resistance 
of  the  exploring  wires.  Iron  is  the  most  suitable  material  for  such 
wires,  "because  it  has  a  considerable  temperature  coefficient.  The 
terminals  of  each  exploring  coil  are  brought  out  separately;  the 
resistance  is  measured  from  time  to  time  while  the  coil  under  test  is 
being  heated  by  a  current.  It  is  not  safe  to  take  the  value  of  tempera- 
ture coefficient  of  iron  given  in  standard  tables;  this  coefficient  must 
be  determined  on  a  sample  taken  from  the  wire  used  for  the  exploring 
coils. 

Instead  of  measuring  temperature  rise  by  the  increase  in  resistance, 
exploring  wires  may  contain  thermal  junctions  previously  calibrated 
for  temperature  rise. 

Report.  Plot  curves  of  temperature  rise  for  the  three  coils  tested 
under  different  conditions  of  cooling.  Give  the  distribution  of  tem- 
perature inside  of  the  coil,  as  shown  in  Fig.  3. 

8.  Resistances  in  Series  and  in  Parallel.  —  Resistances  are  con- 
nected in  electrical  circuits  in  various  combinations;  it  is  sometimes 
required  to  determine  the  value  of  a  resistance  which  would  produce  the 

— wvwvv — vw\AW\r vwwwvv 


Fig.  4.     Resistances  in  series. 

same  electrical  effect  as  two  or  more  given  resistances.  Such  a  resist- 
ance is  called  the  equivalent  or  the  resultant  resistance.  A  few  simple 
cases  are  here  considered. 

(1)  Resistances  in  Series.  From  the  conception  of  electrical  resist- 
ance, it  follows  that  two  resistances  Rl  and  R2  (Fig.  4)  connected  in  series 
are  equivalent  to  a  resistance  (R\  +  R2).  The  same  is  true  for  any 
number  of  resistances  in  series,  so  that 


R     . 

equiv. 


%R (2)! 


(2)  Resistances  in  Parallel  (Fig.  5).  The  equivalent  resistance  in  this 
case  is  less  than  either  of  the  component  resistances,  because  the  addi- 
tion of  each  resistance  means  a  new  path  for  the  current.  Let  the 
common  voltage  across  the  resistances  be  e;  the  currents  ilf  i2,  etc.j 
We  then  have 

ii=Y{;i2  -  7^;otc (3)! 
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The  equivalent  resistance  must  by  definition  have  such  a  value  that  the 
same  total  current  St  would  flow  through  it  with  the  same  voltage 
e;  hence  »  e 


R 


(4) 


k e H 

Fig.  6.     Resistances  in  parallel. 

Substituting  the  values  of  ii,  i2,  etc.  from  (3)  we  have 

n      p 

Xi 


R 


or,  dividing  both  members  of  the  equation  by  e: 


1 
R 


Zr 

i 


(5) 


This  formula  gives  the  value  of  the  equivalent  resistance  in  terms 
of  the  component  resistances.  The  reciprocal  value  of  a  resistance  is 
sometimes   called  the  conductance;  the   result    (5)  indicates  that  the 
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Fig.  6.     Combination  of  resistances  in  series  and  in  parallel. 

equivalent  conductance  is  equal  to  the  sum  of  conductances  of  the 
branches  connected  in  parallel.  Denoting  the  conductances  by  G, 
we  have 


G 


equiv. 


tv.         2^ 


G 


(6) 


which  is  analogous  to  the  expression  (2). 

(3)    Series-parallel  Resistances.  The  problem  (illustrated  in  Fig.  6)  is 
to  find  a  resistance,  equivalent  to  the  combination  of  resistances  shown. 
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First  find  a  resistance  r'  equivalent  to  the  resistance  offered  by  ft  and 
ft,  by  using  formula  (5);  in  the  same  way  find  the  resistance  r"  equi- 
valent to  ft  and  ft.  The  equivalent  resistance  of  the  whole  combina- 
tion is    (r*  -f  r"). 

A  more  complicated  combination  of  resistances  in  series  and  in 
parallel  is  shown  in  Fig.  7.  It  corresponds  to  the  practical  case  of  a 
transmission  line  OeO'e'  with  current-consuming  devices  ft,  ft, .  .  . 
ft  connected  at  different  places.  The  problem  is  to  find  one  single 
resistance  which  would  give  the  same  total  current,  with  the  same 
supply  voltage  between  0  and  0'. 

The  problem  is  solved  in  steps :  The  resistances  ft  and  (2  r5  +  ft) 
are  connected  in  parallel  between  the  points  d  and  d'.  Their  equiva- 
lent resistance  ft'  according  to  the  formula  (5)  may  be  calculated  from 
the  expression  ^  ^  ^ 

RS  =  ltt+  R6+  2r6' 


O' 
Fio.  7. 


a'  V  0/  d'  e' 

Current-consuming  devices  JB,,  R2,  etc.,  connected  across  a  transmission  line 
of  appreciable  resistance. 


In  a  similar  manner  we  find 

1 

ft' 

_1 

ft7 

J_ 

ft' 
and  finally  d 


=   *    +         *         • 


R, 

J 

r; 


+ 


+ 


1 


R,'  +  2r,  ' 

1 . 

RJ  +  2rt  ' 


'cquiv.   —    ft     +   2rj. 

The  problem  is  solved  by  calculating  ft'  from  the  first  equation  and  sub- 
stituting its  value  into  the  second  equation;  then  ft'  is  calculated  from 
this  equation  and  its  value  substituted  in  the  next  equation,  etc. 

9.  EXPERIMENT  1-D.  —Exercises  with  Resistances  in  Series 
and  in  Parallel.  —  Take  several  resistances  of  suitable  value  and 
measure  them  separately  by  the  drop-of -potential  method.  Connect  the 
resistances  as  shown  in  Figs.  4  to  7,  or  in  any  combinations  desired 
and  measure  the  resultant  (equivalent)  resistance.  See  how  closely 
the  results  check  with  the  formulae  given  in  the  preceding  article. 
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10.  EXPERIMENT  1-E.  —  Measuring  Resistance  of  D.  C.  Arma- 
tures.—  A  current  is  passed  through  the  armature  in  question  from  an 
external  source,  and  the  voltage  at  the  armature  terminals  measured 
with  a  low-reading  voltmeter.  The  ratio  of  the  voltage  to  the  current 
gives  the  resistance  of  the  armature.  In  performing  this  measurement  it 
is  advisable  to  hold  the  voltmeter  leads  once  on  the  terminals  of  the 
machine,  and  then  on  the  commutator  bars.  This  will  make  it  possible 
to  separate  the  armature  resistance  proper  from  that  due  to  the  contact 
resistance  at  the  brushes,  and  to  the  resistance  of  the  brushes  them- 
selves. 

This  contact  resistance  is  different  when  the  machine  is  at  rest,  and 
when  it  is  running.  To  see  the  difference,  the  machine  may  be  run  at 
a  low  speed  with  the  field  circuit  open,  and  the  same  measurement 
repeated.  It  must  be  remembered,  however,  that  even  when  the  field 
circuit  is  open,  there  is  some  residual  magnetism  in  the  field.  This 
magnetism  induces  a  voltage  in  the  armature  and  may  considerably 
affect  the  results.  In  order  to  eliminate  its  influence,  the  measurements 
must  be  repeated  with  the  machine  running  in  the  opposite  direction 
at  exactly  the  same  speed.  The  average  of  the  two  resistances  will 
give  the  true  resistance  of  the  armature. 

In  stating  the  results  it  is  necessary  to  note  to  which  temperature 
they  refer.  The  resistance  of  the  armature,  and  therefore  the  voltage 
drop,  will  be  somewhat  higher  when  the  machine  is  hot.  In  contracts 
and  guarantees  is  usually  stated,  that  voltage  drop  must  not  be  above 
a  certain  figure,  when  the  temperature  of  the  machine  is,  say,  50  degrees 
C.  above  ordinary  room  temperature.  If  the  resistance  was  measured 
when  the  machine  was  cold,  and  again  after  a  continued  run  at  some 
load  (temperature  test),  the  temperature  rise  in  the  armature  winding 
may  be  calculated  from  the  increase  in  resistance,  as  explained  in  §  7. 

SUBSTITUTION    METHOD. 

11.  Theory  of  the  Substitution  Method.  —  With  this  method  a 
current  of  a  definite  value  is  produced  in  the  circuit  containing  the 
unknown  resistance,  and  then  there  is  substituted  for  it  a  known  resistance 
of  such  a  value  as  to  give  the  same  current.  It  is  evident  then,  that  the 
known  resistance  is  equal  to  the  unknown  resistance.  The  connections 
are  shown  in  Fig.  8;  a  circuit  is  formed  through  the  battery  Ba,  galvano- 
meter Ga,  regulating  resistance  K  and  the  unknown  resistance  X. 
A  double-throw  switch  S  is  provided,  which  allows  a  box  R  of  calibrated 
resistances  to  be  substituted  for  X.  The  switch  S  is  first  thrown  down, 
and  the  current  adjusted  so  as  to  obtain  a  certain  deflection  of  the 
galvanometer.     After  this  the  switch  is  thrown  up,  and  R  adjusted  until 
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the  galvanometer  gives  the  same  deflection;  then  the  resistance  of  R 
is  equal  to  X. 

In  using  this  method  care  should  be  taken,  that  the  battery  e.m.f. 
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Fio.  8.     Substitution  method  of  measuring  resistances. 

does  not  change  (due  to  polarization)  between  the  two  readings,  and 
also  that  the  resistance  K  remains 
constant.  Instead  of  connecting  R 
and  X  in  parallel,  they  may  be  con- 
nected in  series,  as  shown  in  Fig.  9, 
and  short-circuited  in  succession. 

The  substitution  method  is  some- 
times used  for  measuring  high  resist- 
ances, such  as  insulation  resistances; 
also  for  measuring  resistance  of  liq- 
uid conductors,  as  explained  in  §  12. 

12.  Measuring  Resistance  of 
Electrolytes  by  the  Substitution 
Method. — The  difficulty  in  measur- 
ing electrical  resistance  of  most 
liquids  is  that  they  are  decomposed 
by  current.  Gases  are  deposited  on 
the  electrodes,  the  resistance  being 
thereby  increased,  and  a  counter 
e.m.f.  of  polarization  set  up.  One 
way  out  of  this  difficulty  is  to  meas- 
ure the  resistance  of  liquids  with  alternating  currents  (see  §  21).  An- 
other method  based  on  the  substitution  of  resistances  is  shown  in  Fig.  9. 


•^-Ba. 


Fio.  9.    Measuring  resistance  of  a  liquid 
by  the  substitution  method. 
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The  liquid  under  test  is  placed  in  a  glass  tube  V,  provided  with 
plugs  at  both  ends,  and  with  the  electrodes  pp;  the  upper  electrode- 
being  adjustable.  R  is  a  calibrated  resistance  box.  A  certain  current 
is  sent  through  the  circuit,  until  the  conditions  in  the  liquid  become 
constant.  The  deflection  of  the  galvanometer  is  noted,  then  the  upper 
electrode  p  is  moved  by  the  amount  x,  as  shown  by  dotted  lines.  The 
current  increases,  but  is  brought  back  to  its  former  value  by  intro- 
ducing more  resistance  R  into  the  circuit.  The  amount  R  is  evidently 
equal  to  the  resistance  of  the  column  x  of  the  liquid.  The  effect  of  the 
polarization  is  thus  eliminated,  as  it  is  present  to  the  same  extent  with 
both  positions  of  p. 

The  resistance  of  liquids  is  usually  reduced  to  the  resistance  of  a 
column  1  cm.  high  and  having  a  cross-section  of  1  sq.  cm.  This  is 
called  the  specific  resistance  of  the  fluid.  If  the  cross-section  inside 
of  the  glass  tube  V  is  Q  sq.  cm.,  the  specific  resistance  of  the  liquid 
under  test  is  RQ  -*-  x.  This  is  evident  since  resistance  is*  proportional 
to  the  length  and  inversely  proportional  to  the  cross-section  of  a  con- 
ductor. ' 

13.  EXPERIMENT  1-F.  —Measuring  Resistances  by  the  Sub- 
stitution Method.  —  The  theory  of  the  method  and  its  application  for 
measuring  resistances  of  solid  conductors  is  given  in  §  11;  the  applica- 
tion to  liquid  conductors  is  explained  in  §  12.  An  experiment  should  be 
performed  affording  practice  with  the  method  as  illustrated  in  Figs.  8 
and  9. 

WHEATSTONE    BRIDGE. 

14.  The  combination   of    conductors   known   as   the   Wheatstone 
bridge  (Fig.  10),  devised  for  meas- 
uring resistances,  has  the  following 
features: 

(1)  The  unknown  resistance  is 
compared  directly  to  a  standard 
resistance. 

(2)  No  calibrated  measuring  in- 
strument is  required,  the  adjust- 
ment being  made  by  bringing  the 
galvanometer  back  to  zero  (null 
method).  <i+*« 

The  unknown  resistance  X  and  Fio.  10.  Diagram  of  the  Wheatstone 
a  standard  resistance  R  are  con-  bridge, 

nected  in  series  with  each  other  and  with  the  battery  Ba.    The  com- 
bination is  shunted  by  two  other  resistances  M  and  N,  the  ratio  of 
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which  —  N  +  M — is  known.  The  galvanometer  is  bridged  between 
the  two  sets  of  resistances,  hence  the  name  "  bridge."  Contact  keys 
1  and  2  are  provided  in  the  galvanometer  and  battery  circuits. 

The  battery  key  1  is  closed  first,  and  a  moment  later  the  galvano- 
meter key  2  is  closed.  If  the  galvanometer  gives  a  deflection,  the 
"  balancing  "  resistance  R  and  the  "  ratio  "  resistances  M  and  N  are 
varied  until  the  galvanometer  comes  back  to  zero.     Then 

X:R=N:M       (1) 

Proof:  Suppose  that  the  four  resistances  satisfy  the  condition  that 
no  current  flows  through  the  galvanometer;  in  other  words,  the  differ- 
ence of  potential  between  the  points  c  and  d  is  zero.  From  this  condi- 
tion it  follows,  that  the  voltage  drop  in  the  branch  ac  is  equal  to  that 
in  the  branch  ad;  or,  with  the  notations  in  the  sketch, 


Similarly 


Rii  =  M%2. 

X%i  =   iVt2. 


Dividing  the  second  equation  by  the  first  we  obtain  the  expression  (1). 

1 5.   Slide- Wire  Wheatstone  Bridge.  —  A  simple  Wheatstone  bridge 

is  shown  in  Fig.  11;  the  ratio  resistances  M  and  N  are  formed  by  two 
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Fig.  11.     Diagram  of  the  slide-wire  Wheatstone  bridge. 

parts  of  a  straight  wire;  the  ratio  is  varied  by  the  sliding  contact  d. 
The  slide-wire  is  made  of  a  non-corrodible  metal  of  high  specific  resist- 
ance and  of  a  small  temperature  coefficient.  The  brass  blocks  a,  6, 
c  to  which  R  and  X  are  connected  have  a  negligible  resistance. 

To  measure  the  resistance  X,  the  key  1  is  closed  first,  then  the  key 
2,  and  the  contact  d  moved  along  the  wire  until  the  galvanometer 
remains  on  zero  when  the  key  2  is  closed  or  opened.     Suppose  the 
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standard  resistance  R  be  =  10  ohm;  with  the  position  of  the  contact 
shown  in  the  sketch,  M  =  27  div.,  N  =  73  div.;  then,  according  to 
formula  (1), 

27.04  ohm. 


X  =  lof 


The  details  of  the  construction  of  the  bridge  are  shown  in  Fig.  12; 


Fig.  12.     Slide-wire  Wheatstone  bridge,  also  suitable  to  be  used  as  a  Carey -Foster  bridge. 

the  rider  is  provided  with  a  vernier  so  as  to  read  accurately  the  tenth 
parts  of  a  division.     Extra  binding  posts  and  the  reversing  switch  in 


Fkj.  13.     A  standard  resistance. 

the  center  enable  the  bridge  to  be  used  for  the  Carey-Foster  method, 
described,  in  J  17. 

The  balancing  resistance  R  may  have  various  forms;  usually  it  con- 
sists of  a  coil  of  wire  (Fig.  13)  wound  on  a  metal  spool  and  protected 
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by  a  metal  case.  The  heavy  horn  terminals  are  used  for  suspending 
the  device  from  mercury  cups,  in  order  to  minimize  the  error  due  to 
contact  resistances.  The  greatest  accuracy  of  measurement  is  obtained 
when  X  is  about  equal  to  R  so  that  the  contact  d  is  near  the  center 
of  the  slide-wire. 

16.  EXPERIMENT  1-Q.  —Measuring  Resistances  with  a  Slide- 
Wire  Bridge.  —  The  theory  and  the  use  of  the  bridge  are  explained 
in  the  two  preceding  sections.  Three  kinds  of  problems  may  be  solved 
with  the  bridge: 

(a)  Checking  standard  resistances  against  a  primary  standard, 

(b)  Determining  values  of  unknown  resistances. 

(c)  Adjusting  resistances  to  desired  values. 


CL-    b 
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Fig.  14.     Carey -Foster  bridge. 


The  student  is  expected  to  make  himself  familiar  with  the  use  of 
the  bridge,  and  to  practice  in  these  three  problems.  No  particular 
accuracy  is  expected  in  this  exercise,  it  being  only  a  preparatory  one 
for  more  advanced  work  with  Wheatstone  bridge. 

17.  Carey-Foster  Method  for  Comparing  Resistances.  —  This  is  a 
modification  of  the  ordinary  Wheatstone  bridge,  and  is  used  for  an 
accurate  comparison  of  two  resistances  nearly  equal  to  each  other, 
as  in  determinations  of  per  cent  error  of  secondary  standards.  The 
connections  are  shown  in  Fig.  14;  the  bridge  illustrated  in  Fig.  12  may 
be  used  with  this  method.  P  and  0  are  two  resistances  to  be  com- 
pared to  each  other;  R  and  X  are  two  other  resistances,  of  which  it  is 
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not  necessary  to  know  the  numerical  values.  It  is  advisable,  however, 
to  have  R  and  X  not  very  different  from  each  other,  in  order  to  obtain 
the  balance  near  the  center  of  the  slide-wire. 

The  bridge  is  balanced  as  usual;  then  the  positions  of  P  and  Q  are 
interchanged  by  means  of  the  commutator  shown  in  Fig.  12;  a  new 
balance  is  obtained  by  slightly  moving  the  contact  d.  The  resistance 
of  the  slide-wire  between  the  two  positions  of  the  contact  is  equal  to 
the  difference  of  the  resistances  P  and  Q. 

The  reason  for  this  is,  that  the  branches  R  and  X  being  the  same  in  the 
two  measurements,  the  total  resistance  of  each  of  two  other  branches 
must  also  be  the  same.  If  P  is  smaller  than  Q,  the  difference  must  be 
compensated  by  the  corresponding  amount  of  resistance  in  the  slide- 
wire. 

The  method  presupposes,  that  the  resistance  of  the  slide-wire  per  one 
division  of  the  scale  is  known.  The  calibration  is  made  by  measuring 
with  the  bridge  the  difference  in  the  resistance  of  two  standards  P  and 
Q,  which  difference  has  been  determined  before  in  some  other  way. 
This  is  best  done  by  taking  two  equal  resistances  P  and  Q,  each  of 
perhaps  1  ohm,  and  to  shunt  P  by  a  comparatively  high  resistance,  for 
instance  100  ohms.  This  reduces  the  resistance  of  P  to  a  certain  value 
P'.    According  to  the  formula  5  of  §  8  we  have  : 

"F=i  +  i5o;  orP'  =  °"01  ohm- 

Knowing  the  difference  between  Q  and  P',  the  slide-wire  may  be  cali- 
brated, at  least  in  the  middle  portion  used  for  measurement^.  A 
balance  may  be  obtained  at  any  desired  point  of  the  slide-wire  by 
changing  the  ratio  X  :  R. 

18.  EXPERIMENT  1-H.  — Comparing  Resistances  by  Means  of 
the  Carey-Foster  Bridge.  —  The  method  is  explained  in  §  17,  preced- 
ing. Special  types  of  Carey-Foster  bridge  are  on  the  market,  with  which 
an  accuracy  of  comparison  to  within  one  one-hundredth  of  a  per  cent 
is  possible.  For  ordinary  practice  with  the  method  the  bridge  shown  in 
Fig.  12  is  sufficient. 

(a)  Connect  four  resistances  as  indicated  in  Fig.  14  and  practice  in 
comparing  their  values. 

(b)  Calibrate  the  slide-wire  as  explained  above. 

(c)  Determine  the  limits  of  accuracy  of  the  method  by  varying  the 
difference  between  P  and  Q,  the  ratio  R  :  X,  and  the  absolute  values 
of  the  four  resistances. 
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19.   Sage  Ohmmeter.  —  A  convenient  portable  Wheatstone  bridge  of 
the  slide-wire  type  is  shown  in  Fig.  15;  it  is  known  as  the  Sagg  ohm- 


Fig.  15.    Sage  ohmmeter 

meter,  and  is  intended  for  all-around  practical  work,  particularly 
for  locating  faults  in  the  insulation  of  wiring  installations.  The  slide- 
wire  is  divided  into  two  parts  connected  electrically;  this  reduces  the 
length  of  the  case,  and  at  the  same  time  the  wire  is  long  enough  to  give 
sufficient  accuracy.  The  contact  d  (Fig.  11)  is  formed  by  the  stylus 
shown  lying  across  the  top  of  the  instrument.  Touching  the  wire  with 
the  stylus  closes  the  galvanometer  circuit.  The  instrument  is  entirely 
self-contained  ;  the  galvanometer  and  a  few  dry  cells  are  mounted  in  the 
case.*  The  telephone  receiver  shown  in  front  of  the  instrument  may 
be  used,  if  desired,  in  place  of  the  galvanometer.  Four  standard  resist- 
ances R,  usually  1,  10,  100,  1000  ohm,  are  supplied  with  the  bridge. 
They  are  mounted  inside  of  the  box,  and  the  leads  taken  to  the  four 
sockets  seen  on  the  right  side  of  the  middle  bar.  Any  one  of  them 
may  be  used  according  to  the  value  of  the  unknown  resistance;  the 
desired  value  is  selected  by  inserting  the  plug  in  the  corresponding 
socket. 

The  scale  is  calibrated  directly  in  ohms,  so  that  no  calculations  are 
necessary.  Four  sets  of  figures  in  different  colors  are  printed  on  the 
scale,  and  the  sockets  are  labeled  accordingly.  When  the  plug  is  in 
the  "  blue  "  socket,  blue  figures  are  read  on  the  scale,  etc.  In  this 
way  even  an  unskilled  person  can  use  the  bridge  with  little  probability 
of  making  a  mistake.  Uniformly-divided  scales  are  also  provided  with 
the  instrument,  and  may  be  attached  in  place  of  the  direct-reading 
scales,  if  so  desired. 
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An  induction  coil  is  shown  mounted  on  the  lid  of  the  box;  by  means 
of  it  the  bridge  may  be  used  with  alternating  currents.  The  coil  is 
supplied  with  current  from  the  battery  mounted  in  the  box.  The 
telephone  receiver  must  be  used  instead  of  the  galvanometer,  when 
using  the  induction  coil.  Alternating  current  is  applied  where  polari- 
zation would  vitiate  results  obtained  with  direct  current;  as  in  locating 
grounds  when  an  electrolytic  action  between  the  conductor  and  the 
earth  is  suspected;  also  for  measuring  resistance  of  liquids,  as  in  §  21. 

Switches  are  provided  in  the  instrument  for  changing  to  direct  or 
alternating  current  at  will;  also  for  connecting  into  the  circuit  either 
the  galvanometer  or  the  telephone  receiver.  The  battery  switch  is 
built  in  the  telephone  receiver,  so  that  the  operator  may  close  the  switch 
with  the  same  hand  with  which  he  is  holding  the  receiver-  to  his  ear. 
With  the  other  hand  he  touches  the  slide-wire  with  the  stylus,  and  thus 
locates  the  point  where  the  click  in  the  receiver  disappears,  or  is  reduced 
to  a  minimum. 

20.  EXPERIMENT  1-1.  —Practice  with  the  Sage  Ohmmeter.  — 

(a)  Inspect  the  instrument  and  make  clear  its  connections  and 
operations. 

(b)  Measure  by  means  of  it  a  box  of  calibrated  resistances,  within 
as  wide  a  range  as  possible,  paying  particular  attention  to  the  sensi- 
tiveness of  the  instrument  at  different  values  of  the  unknown  and  the 
balancing  resistances.  (1)  Perform  the  measurements  first  with 
direct  current,  using  in  succession  the  galvanometer  and  the  telephone 
receiver;  then  (2)  repeat  some  of  the  measurements  with  the  induction 
coil  and  the  telephone  receiver. 

(c)  Determine  the  resistance  of  an  electrolyte  with  direct  and  with 
alternating  current,  and  note  the  difference. 

(d)  Measure  the  resistance  between  a  line  and  the  ground  (resistance 
of  the  fault). 

(e)  Locate  the  place  of  a  fault  by  one  of  the  methods  described  in 
§§  295  and  296.  Form  your  own  opinion  about  the  instrument,  its 
advantages  and  shortcomings,  the  limits  of  accuracy,  the  best  range, 
the  relative  advantages  of  using  the  telephone  receiver  as  vs.  the  gal- 
vanometer, and  direct  as  vs.  alternating  current. 

21.  Kohlrausch  Bridge.  —  A  disadvantage  of  a  stretched  slide-wire, 
as  in  Fig.  12,  is  that  it  cannot  be  made  long  enough  for  accurate  measure- 
ments without,  making  the  instrument  itself  too  large.  Kohlrausch 
solved  this  difficulty  by  winding  the  slide-wire  on  an  insulating  cylin- 
der, as  shown  in  Fig.  16,  to  the  right.  The  cylinder  may  be  rotated  by 
a  handle,  contact  being  made  by  a  roller.     The  balancing  resistances 
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are  placed  in  the  base  of  the   instrument,  and  may  be   connected 
into  the  circuit  by  the  plugs  seen  in  the  sketch. 

The  Kohlrausch  bridge  is 
particularly  well  adapted  .for 
measuring  resistances  of  liquid 
conductors  with  alternating 
currents  (see  §  12).  An  in- 
duction coil  "for  producing 
alternating  currents  is  shown 
to  the  left;  a  telephone  re- 
ceiver is  substituted  for  the 
galvanometer. 

The  liquid  under  test  is  put 
into  the  U-shaped  vessel  shown 
between  the  bridge  and  the 
induction  coil,  this  vessel  be- 
ing provided  with  platinum 
electrodes  on  both  ends.  The 
form  of  the  vessel  is  too  com- 
plicated to  allow  the  specific 
resistance  of  the  liquid  to  be 
deduced  as  in  §  12.  This,  how- 
ever, is  no  serious  objection; 
the  constant  of  the  vessel  may 
be  determined  once  for  all  by 
measuring  in  it  the  resistance 
of  a  standard  fluid,  whose  spe- 
cific resistance  is  known. 

For  instance,  it  is  known 
that  the  specific  resistance  of 
a  25  per  cent  solution  of  zinc 
sulphate  is  21.4  ohms  per  cu. 
cm.  at  18  degrees  C.  If  the 
resistance  of  such  a  solution, 
as  measured  in  the  Kohlrausch 
vessel  to  be  calibrated,  be  152 
ohms,  then  the  constant  of 
the  vessel  is  21.4  +  152  = 
0.141.  The  resistance  of  all 
other  liquids  measured  in  this 
vessel  must  be  multiplied  by  this  coefficient  to  get  their  specific  resist- 
ances.   The  Kohlrausch  bridge  is  more  convenient  for  a  quick  and 
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accurate  determination  of  resistances  of  electrolytes  than  the  substi- 
tution method  described  in  §  12. 

22.  EXPERIMENT  1-J.  —Measurement  of  Resistances  with 
Kohlrausch  Bridge.  —  See  preceding  paragraph. 

23.  Testing  Rail  Bonds.  —  On  most  electric  roads  the  current  for 
operating  cars  returns  to  the  station  through  the  track  rails;  this  saves 
one  conductor.  In  order  to  make  possible  the  use  of  the  rails  for  this 
purpose  they  must  be  "  bonded  "  together,  or  connected  by  more  or 
less  flexible  copper  conductors  as  shown  in  Fig.  17.  Rail  bonds  must 
be  periodically  inspected,  as  they  get  loose  or  broken,  causing  an  excess- 
ive resistance  between  the  rails.      Poor  bonding' brings  with  it  an 


Boll 


Bond 


Fig.  17.    Diagram  of  the  Roller  bond  tester, 


excessive  drop  of  voltage  and  loss  of  power,  electrolytic  corrosion  of 
gas  and  water  pipes  in  the  vicinity,  telephone  troubles,  etc. 

If  rail  bonds  could  be  tested  while  the  road  is  not  in  operation,  the 
simplest  method  would  be  to  send  a  current  from  the  station  and  to 
measure  the  drop  across  each  bond  with  a  low-reading  voltmeter. 
Usually,  however,  testing  must  be  done  with  cars  running  on  the  same 
line,  so  that  the  current  in  the  rails  is  widely  fluctuating.  In  order  to 
utilize  this  current  special  devices  are  used  as  described  below.  The 
resistance  of  the  bond  is  expressed  in  feet  of  a  solid  rail ;  thus  a  resistance 
of  2  feet  means  that  the  voltage  drop  caused  by  the  bond  contacts  is 
the  same  as  would  be  caused  by  two  additional  feet  of  solid  rail.  Con- 
venient methods  of  testing  bonds  are  as  follows: 

(a)  If  no  special  bond  tester  is  available,  two  ordinary  milli-volt- 
meters  may  be  used,  one  connected  between  a  and  b  (Fig.  17),  another 
between  b  and  c.  The  milli-voltmeters  are  read  simultaneously,  so 
that  the  fluctuations  in  the  rail  current  do  not  affect  the  ratio  of  the 
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readings.  This  ratio  is  evidently  equal  to  the  ratio  of  the  resistances 
of  the  bond  a-6,  and  the  rail  b-c.  It  is  advisable  to  have  some  protec- 
tive resistance  in  series  with  the  mi  Hi- voltmeter  connected  across  the 
bond.  The  voltage  drop  across  a  loose  or  broken  bond  may  be  many 
times  in  excess  of  the  range  of  the  instrument.  The  protective  resist- 
ance may  be  short-circuited  with  a  push  button.  Good  contacts  with 
the  rail  may  be  obtained  either  by  chisel-ended  spikes  struck  into  the 
rail  faces  or  by  using  short  sections  of  hack-saw  blades. 

(b)  A  convenient  device  for  testing  rail  bonds  —  the  so-called  Roller 
bond  tester  —  is  shown  in  Fig.  18,  while  a  diagrammatic  view  of  its 
connections  is  represented  in  Fig.  17.  It  operates  on  the  principle  of 
a  slide-wire  Wheatstone  bridge.  The  unknown  resistance  a-b  of  the 
bond  is  compared  to  a  definite  length  b-c  of  the  solid  rail  by  means  of 
the  slide-wire  A-C  and  the  gal- 
vanometer connected  between  b 
and  B.  The  slider  B  is  moved 
back  and  forth  until  the  galvano- 
meter shows  zero.  Then  the  ratio 
of  the  resistance  of  the  bond  to 
that  of  the  rail  is  equal  to  the 
ratio  (ri  +  m)  -*-  (r2  +  n).  It  is 
not  necessary  to  calculate  this 
ratio  every  time;  the  scale  of  the 
instrument  (Fig.  18)  gives  the  re- 
sistance directly  in  feet  of  solid 
rail. 

The  resistances  rx  and  r2  act  as 
an  extension  of  the  slide-wire,  mak- 
ing the  useful  part  of  it  longer  and 
therefore  more  accurate.  With- 
out these  resistances,  the  short 
slide-wire  would  contain  all  the  values  from  zero  to  infinity.  Fluctu- 
ating currents  in  the  rail  do  not  affect  the  balance,  because  fluctuations 
occur  in  all  the  branches  of  the  bridge  simultaneously. 

One  observer  is  sufficient  with  this  instrument;  he  holds  the  contact 
bar  by  the  upright  in  one  hand,  and  operates  the  knob  of  the  slider 
with  the  other  hand.  The  instrument  itself  is  suspended  from  his 
shoulders.  The  large  scale  indicates  the  resistance,  the  small  scale  is 
for  galvanometer  deflections.  In  many  cases,  it  is  sufficient  to  know 
that  the  resistance  of  the  bond  is  not  beyond  a  certain  limit;  then  the 
pointer  of  the  slider  is  simply  set  at  this  limit.  On  all  bonds  having 
resistance  below  this  limit  the  galvanometer  deflects  one  way,  on  defec- 
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tive  bonds  it  shows  the  other  way.    This  makes  the  instrument  very 
convenient  for  rapid  testing,  even  with  an  unskilled  observer. 

(c)  Another  popular  bond  tester  is  that  designed  by  Conant.  In  it 
the  contact  c  (Fig.  17)  is  separate  from  the  two  other  contacts,  and  the 
operator's  Assistant  moves  it  along  the  rail,  until  a  balance  is  obtained. 
A  telephone  receiver  is  used  instead  of  a  galvanometer,  and  the  current 
is  periodically  interrupted  by  a  wheel  driven  by  a  clock-work.  The 
balance  is  reached  when  the  click  in  the  telephone  disappears;  the 
equivalent  length  of  the  rail  is  then  measured  directly  with  a  foot 
rule. 

24.  EXPERIMENT  1-K.  —  Testing  Rail  Bonds.—  The  method 
and  the  apparatus  are  described  in  the  preceding  article.  Become 
familiar  with  the  devices  in  the  laboratory  before  trying  them  on  an 
actual  track.  Two  rails  should  be  provided  in  the  laboratory,  connected 
by  a  variable  resistance;  this  resistance  is  to  represent  various  states 
of  a  bond,  from  a  perfect  contact  to  a  broken  bond. 

(a)  Connect  the  rails  to  a  D.  C.  circuit,  placing  a  regulating  resist- 
ance in  series  with  them,  to  produce  fluctuating  currents  as  in  practice. 


10  Ohms 


ill  1111111  Ohms 

Fig.  19.     Decade  arrangement  of  resistances. 

(b)  Setting  the  resistance  of  the  bond  very  low,  measure  it  first 
with  a  steady  current,  then  with  fluctuating  currents. 

(c)  Repeat  the  same  tests  with  higher  resistances  of  the  bond. 

(d)  Having  become  thoroughly  familiar  with  the  instrument,  meas- 
ure with  it  a  number  of  rail  bonds  on  a  street-car  line  in  actual  opera- 
tion. 

In  performing  this  experiment,  pay  particular  attention  to  the  accu- 
racy throughout  its  range  of  the  instrument  used,  and  to  the  influence 
of  current  fluctuations.  See  in  how  far  a  poor  contact  between  the 
rail  and  the  saw  blade  or  the  spike  used  for  making  contact  may  affect 
the  results. 
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25.  Plug-Type  Wheatstone  Bridge. — Series  and  Decade  Arrange- 
ment of  Coils. — For  accurate  work,  bridges  are  used  in  which  the  three 
"  known  "  resistance  arms  R,  M,  and  N  (Fig.  10)  consist  of  carefully 
adjusted  resistance  coils  (Fig.  20).  These  coils  are  mounted  inside  of 
a  box  and  leads  are  taken  to  contacts  on  its  top.  Resistances  are 
varied  either  by  inserting  plugs,  as  in  Fig.  21,  or  by  dial  switches 
(Fig.  22). 

The  older  method  of  connecting  coils  is  that  shown  in  Fig.  20;  the 
coils  are  connected  in  series,  and  each  plug  short-circuits  a  coil.  Thus, 
in  the  upper  row  all  the  coils  are  short-circuited,  except  4000,  3000, 
and  200  ohm,  the  reading  being  7200  ohms. 

The  new  or  the  "  decade  "  method  is  shown  in  Fig.  19.  Here  the 
resistances  which  are  not  in  use  are  simply  left  out  of  the  circuit. 
Therefore  only  one  plug  is  necessary  for  each  decade  or  row  of  ten  coils. 

The  advantages  of  the  decade  arrangement  are: 

(1)  A  smaller  number  of  plugs  is  required. 

(2)  Additional  resistance  between  plugs  and  blocks  at  the  contacts 
is  less. 

(3)  The  result  is  easier  to  read,  as  no  summation  is  necessary. 

(4)  There  is  less  liability  to  make  mistakes,  or  to  lose  a  contact  plug. 
The  advantage  becomes  evident  by  comparing  the  two  upper  rows 

of  contacts  in  the  bridge  shown  in  Fig.  20  with  the  four  rows  in  Fig. 
24.     In  the  first  case  we  have  to  add  mentally 

4000  +  3000  +  200  +  30  +  20  +  3  +  2  +  1  -  7256  ohms; 
in  the  second  case  we  read  directly  6192  ohms.     Moreover,  in  the  first 
case  8  plugs  are  in  the  circuit,  and  8  more  are  lying  idle  on  the  table. 
In  the  second  case  there  are  but  4  plugs,  and  they  are  always  in  use. 

26.  Examples  of  Plug-Type  Bridges.  —  A  simple  bridge  is  shown  in 
Fig.  20;  the  lettering  is  the  same  as  in  Fig.  10.  The  bridge  has  three 
arms:  two  ratio  arms  M  and  N  in  the  lower  row,  and  che  balancing 
resistance  R  in  the  two  upper  rows  of  coils.  The  box  is  provided  with 
three  pairs  of  terminals  —  for  the  battery,  for  the  galvanometer  and 
for  the  unknown  resistance  X.  The  battery  key  1  and  the  galvano- 
meter key  2  are  also  mounted  on  the  box. 

Unlike  the  slide-wire  bridge  (Fig.  11),  plug-type  bridges  have  only 
a  limited  number  of  ratios  M  -*-  N,  —  usually  in  powers  of  ten.  The 
balancing  is  done  by  the  third  arm  R.  In  the  instrument  under  con- 
sideration, the  resistance  of  this  arm  may  be  varied  from  0  to  10,000 
ohms  in  steps  of  1  ohm.  Thus  with  the  ratio  N  +  M  =  1000  +  1, 
resistances  can  be  measured  up  to  10,000,000  ohms.  On  the  other  hand, 
by  selecting  R  =  1  ohm  and  N  ■*-  M  =  1  ■*-  1000,  resistances  may  be 
measured  down  to  0.001  ohm.    The  practical  range  of  the  bridge  is 
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within  considerably  narrower  limits,  because  it  is  neither  sufficiently 
accurate  nor  sensitive  enough  near  the  apparent  limits  of  its  range. 

To  measure  a  resistance,  connect  it  to  the  terminals  marked  X; 
select  a  ratio  N  +  M,  say  10  •*-  100.  Press  the  battery  key,  and  then 
the  galvanometer  key;  vary  the  resistance  R,  until  the  galvanometer 
remains  at  zero  when  its  key  is  pressed.  Best  results  are  obtained 
when  the  ratio  is  selected  so  that  balancing  can  be  done  with  all  four 
places  of  the  resistance  R —  thousands,  hundreds,  tens  and  units. 
The  right  ratio   N  +  M  can  always  be  selected,  if  the  approximate 
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Fig.  20.    Diagram  of  a  plug-type  Wheatstone  bridge. 

value  of  X  is  known  in  advance;  otherwise,  the  best  ratio  is  found  by 
trials.    With  the  setting  shown  in  Fig.  20  the  unknown  resistance 
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A  Wheatstone  bridge  for  precision  work  is  shown  in  Fig.  21.  The 
ratio  coils  M  and  N  are  in  the  last  two  rows  to  the  right;  the  other  five 
rows  are  connected  to  the  balancing  resistance  R,  the  decade  arrange- 
ment of  coils  being  employed.  The  keys  and  the  binding  posts  are 
clearly  seen  in  the  sketch.  The  coils  may  be  joined  in  series  or  in 
multiple  or  in  any  combination  of  series  and  multiple.  The  coils  may 
thus  be  checked    against  each  other  in    many  combinations.    For 
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example,  all  the  ten  ohm  coils  taken  in  parallel  may  be  compared  with 
any  one  ohm  coil. 

The  precision  of  adjustment  is  5V  Per  c©nt  for  the  coils  of  the  tenth 
ohm  series,  and  fa  per  cent  for  the  other  coils  of  the  rheostat. 


Pig.  21.     A  plug-type  Wheatstone  bridge  for  accurate  measurements. 

The  ratio  coils  are  certified  to  be  like  each  other  within  T40  per  cent. 

A  similar  box  is  shown  in  Fig.  22;  dial  switches  being  used  on  the 

balancing  resistance  instead  of  plugs.     This  makes  possible  a  quicker 


Fig.  22.    A  Wheatstoue  bridge  with  dial  switches  in  place  of  plugs. 

adjustment;  at  the  same  time,  with  good  workmanship,  switch  contacts 
are  very  little  inferior  to  plugs. 
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27*  Portable  Testing  Sets.  —  The  above-described  bridges  are  pri- 
marily intended  for  stationary  work.  There  is  a  demand  for  self-con- 
tained portable  bridges,  for  locating  faults  and  for  other  emergency 
purposes  in  the  operation  of  electric  plants.  The  Sage  ohmmeter 
described  in  §  19  is  one  of  this  kind.  A  more  accurate  instrument  is 
shown  in  Fig.  23,  while  its  electrical  connections  may  be  followed  in 


Fig.  23.     A  portable  testing  set. 


Fig.  24.  The  set  consists  of  a  Wheatstone  bridge  with  a  decade  arrange- 
ment of  resistances;  a  galvanometer  and  a  battery  of  small  dry  cells 
are  mounted  in  the  same  box,  so  as  to  make  the  instrument  seK-con- 
tained. 

Some  features  of  this  set  are  as  follows: 

(1)  The  terminal  marked  "Gr."  (ground)  and  the  extra  blocks 
MM  enable  the  bridge  to  be  used  for  locating  faults  according  to  either 
the  Murray  or  Varley  method  (§§  295  and  296). 
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(2)  The  instrument  may  be  used  as  an  ordinary  resistance  box. 

(3)  The  galvanometer  .may  be  used  separately,  or  in  series  with  a 
resistance,  for  any  desired  purpose. 

(4)  If  the  battery  is  exhausted,  or  not  strong  enough  for  a  certain 
purpose,  the  flexible  leads  may  be  disconnected  and  an  outside  battery 
connected  to  the  bridge. 

(5)  An  outside  galvanometer  may  be  used  if  desired,  by  disconnect- 
ing the  flexible  galvanometer  leads. 

Explicit  directions  are  supplied  with  the  instrument,  so  that  any 
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Fig.  24.    The  diagram  of  connections  of  the  testing  set  shown  in  Fig.  23. 

one  with  a  very  elementary  knowledge  of  electricity  can  use  it.  Similar 
testing  sets  are  made  by  other  leading  manufacturers  of  measuring 
instruments. 


28.  EXPERIMENT  1-L.  —Measuring  Resistances  with  a  Plug- 
Type  Wheatstone  Bridge.  —  A  few  types  of  bridges  are  described  in 
§§  25  to  27.  The  problems  which  may  be  solved  with  these  bridges  are 
the  same  as  enumerated  in  §  16.  If  possible  the  student  should  connect 
the  coils  of  the  bridge  itself  in  various  combinations,  so  as  to  check 
them  against  each  other.  The  purpose  of  the  exercise  is  not  only  to 
learn  how  to  perform  measurements,  but  also  to  study  the  bridge  itself, 
ascertaining  the  limits  of  its  accuracy,  the  best  range,  the  necessary 
sensitiveness  of  the  galvanometer,  etc. 
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29.  Measurement  of  very  Small  Resistances.  —  The  Wheatstone 
bridge  is  not  suitable  for  measuring  small  resistances,  say  below  0.1 
ohm,  because  the  resistance  of  the  contacts  at  a,  6,  c  and  d  (Fig.  10) 
may  constitute  an  appreciable  part  of  the  resistances  X  and  R  them- 
selves. The  drop-of-potential  method  (§  2)  gives  satisfactory  results 
with  resistances  considerably  below  0.1  ohm,  if  care  is  taken  to  have 
voltmeter  leads  properly  applied,  so  as  to  eliminate  the  contact  resist- 
ance (Fig.  35).  For  an  accurate  comparison  of  very  low  resistances, 
the  potentiometer  method  may  be  used  (see  §  43). 

Lord  Kelvin  combined  the  Wheatstone  bridge  and  the  drop-of- 
potential  method  into  a  scheme  which  is  exceedingly  accurate  for 
measuring  low  resistances,  say  down  to  0.0001  ohm.  The  diagram  of 
connections  of  this  so-called  Kelvin  double-bridge  is  shown  in  Fig.  25. 

The  resistances  R  and  X  to  be  compared  are  connected  in  series  with 
a  low- voltage  battery  Ba.}  and  some  regulating  resistance  not  shown 
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Fig.  26.    Principle  of  the  Kelvin  double-bridge. 

in  the  Figure.  The  connections  to  the  galvanometer  are  taken  from 
the  points  E,  F}  G  and  H  separate  from  the  main  terminals.  This 
is  a  point  of  paramount  importance,  because  the  contact  resistances  at 
A,  B,  C  and  D  should  not  enter  into  the  result.  Four  ratio  coils  are 
used,  m,  n,  m'  and  n',  instead  of  two  ratio  coils  M  and  N  of  the  ordinary 
Wheatstone  bridge  (Fig.  10). 

The  unknown  resistance  X  is  measured  by  adjusting  either  R  or  the 
ratio  coils,  until  the  galvanometer  gives  no  deflection.  Both  pairs  of 
ratio  coils  are  adjusted  simultaneously,  so  that  the  relation 

m  -*-  n  =  m'  -*■  n' (1) 

is  preserved  all  the  time.    When  the  balance  is  obtained  the  relation 

holds  true 

R-X  =  m  +  n  =  m'  +  n' (2) 

from  which  X  is  calculated. 
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Proof :  When  no  current  flows  through  the  galvanometer,  the  points 
Kf  and  K  are  at  the  same  potential.  Therefore  the  voltage  drop  from 
E  to  K'  is  the  same  as  from  F  to  K.  With  the  notations  in  the  sketch 
we  have 

i'm'  =  IR  -f  im. 

The  same  holds  true  with  respect  to  the  point  G  ;  hence, 

i'ri  =  /  X  +  tn. 

From  these  two  equations  we  get 

R  :X  =  (i'm'  —  tm)  4-   (i'n* —  in), 

or  substituting  for  m'  its  value  from  (1)  we  obtain  after  a  simple  trans- 
formation the  relation  (2). 


Fig.  26.    Leeds  and  Northrup  variable  low  resistance,  for  use  as  a  standard  in  connec- 
tion with  the  Kelvin  double-bridge. 

There  are  two  types  of  Kelvin  bridge:  (1)  Either  a  set  of  a  few  stand- 
ard resistances  R  are  supplied  with  the  bridge,  and  the  adjustment  is 
made  by  the  ratio  coils;  or  (2)  the  ratio  coils  are  made  to  give  only  a 
limited  number  of  combinations,  but  the  standard  resistance  R  is  made 
adjustable,  so  as  to  give  practically  any  value  of  resistance  within 
certain  limits.  The  first  is  the  older  method,  the  second  is  coming  into 
use. 

The  variable  standard  low  resistance  made  by  the  Leeds  and 
Northrup  Co.  for  use  with  the  Kelvin  double-bridge  is  shown  diagram- 
matically  in  Fig.  26. 

AB  is  a  heavy  piece  of  resistance  metal  of  uniform  cross-section  and 
uniform  resistance  per  unit  of  length;  CD  is  another  piece  of  resistance 
metal  of  smaller  cross-section,  and  the  two  are  joined  together  by  a 
heavy  copper  bar  AC  into  which  both  are  silver-soldered;  LL  are  the 
current  terminals  and  PP  are  the  potential  terminals.     The  resistance 
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of  AB  between  the  marks  0  and  100  on  the  scale  S  is  .001  ohm.  From 
the  point  1  on  the  resistance  CD  to  0  on  AB  is  also  .001  ohm,  from  2 
to  0  is  .002  and  so  on,  and  from  10  to  0  is  .01  ohm.  The  slider  M  moves 
along  the  resistance  AB  and  its  position  is  read  on  the  scale  S  which  is 
divided  into  100  equal  parts  and  can  be  read  by  a  vernier  to  thou- 
sandths. Subdivided  in  this  way  the  resistance  between  the  tap-off 
points  PP  may  have  any  value  from  .001  to  .01  ohm  by  steps  of  .000001 
ohm.  Using  a  ratio  of  1  to  10  it  gives  all  values  from  .1  ohm  to  .01 
ohm,  by  steps  of  .00001  ohm,  and,  using  the  inverse  ratio,  all  values  from 
.001  ohm  to  .0001  ohm  by  steps  of  .0000001  ohm. 

It  will  be  noted  that  there  are  no  contacts  in  the  main  circuit  between 
the  terminals  LL.  The  only  contacts  are  at  the  tap-off  points  to  the 
potential  terminals  PP.  The  resistance  of  these  contacts  is  negli- 
gible, being  in  series  with  the  ratio  coils,  which  have  several  hundred 
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Per  oent  Conductivity 
Fio.  27.    Diagram  of  the  Hoopes  conductivity  bridge. 

ohms  resistance.  The  ratio  coils  are  mounted  within  ordinary  resist- 
ance boxes,  similar  to  the  one  shown  in  Fig.  21;  the  resistances  may 
be  adjusted  to  agree  with  each  other  within  TJV  per  cent. 

30.  Hoopes  Conductivity  Bridge.  —  The  principal  practical  appli- 
cation of  the  Kelvin  double-bridge  is  for  determining  conductivity 
of  bars  of  copper  and  aluminum.  This  is  done  regularly  in  factories 
manufacturing  wire  for  electrical  purposes;  wire  is  also  tested  by  large 
consumers  before  accepting  a  consignment.  It  is  desirable  in  such 
cases  to  modify  the  standard  Kelvin  bridge  described  in  the  preceding 
article,  so  as  to  fulfill  the  following  requirements: 

(1)  The  apparatus  must  be  direct-reading  in  per  cent  conductivity 
of  chemically  pure  metal,  instead  of  giving  results  in  ohms. 

(2)  The  apparatus  must  be  adapted  for  testing,  a  large  number  of 
similar  samples  in  a  short  time. 

(3)  It  must  be  easily  handled  by  a  person  who  has  but  little  elec- 
trical knowledge. 


32 


MEASUREMENT   OF  RE&STANCES. 


[Chap.  I 


A  bridge  which  satisfies  these  conditions  was  designed  by  Mr.  Wm. 

Hoopes.  It  is  shown  diagrammatically 
Kin  ^ig.  27;  a  general  view  of  the  appa- 
ratus is  given  in  Fig.  28.  Comparing 
Figs.  27  and  25  it  will  be  seen  that  the 
electrical  connections  in  the  Hoopes 
bridge  are  identical  with  those  in  the 
regular  Kelvin  bridge.  AB  is  a  standard 
wire  made  of  the  same  material  as  the 
samples  to  be  tested,  in  order  to  have  the 
same  temperature  coefficient;  CD  is  a 
sample  under  test.  The  operations  for 
determining  per  cent  conductivity  are 
very  simple.  The  sample  wire  is  cut 
off  to  the  standard  length  of  25  inches 
in  a  special  cutting-off  machine,  and 
accurately  weighed.  Then  it  is  clamped 
in  the  position  CD  and  the  contact  F  set 
at  a  place  corresponding  to  the  weight  of 
the  sample.  The  contact  H  is  moved 
back  and  forth  until  the  galvanometer 
shows  zero;  per  cent  conductivity  is  then 
read  off  directly  on  the  lower  scale. 

The  theory  of  the  method  is  easily 
understood  from  the  fact  that  a  sample 
of  a  certain  metal,  of  a  given  length  and 
weight,  has  a  definite  and  known  resist- 
ance if  chemically  pure  (100  per  cent 
conductivity).  Therefore  the  scale  of 
the  standard  wire  may  be  made  so  as  to 
balance  a  chemically  pure  sample  with 
H  on  the  division  100  of  the  lower  scale. 
Then  if  the  sample  under  test  has  a 
lower  conductivity,  a  smaller  length  of 
it  balances  the  standard  wire,  and  the 
slide  H  has  to  be  moved  to  the  left. 
The  decrease  in  length  is  evidently 
directly  proportional  to  the  decrease  in 
conductivity.  Therefore  the  lower  scale 
may  be  calibrated  directly  in  per  cent. 

The  upper  scale  could  be  calibrated  in  circular  mils,  instead  of  weights; 
but  it  is  easier  to  determine  the  weight  of  a  piece  of  wire  25  inches  long, 
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than  its  average  cross-section.  A  single  standard  wire  covers  with 
some  overlap  a  range  of  three  numbers  of  the  Brown  and  Sharp  scale; 
,  if  a  wider  range  is  required  several  Hansards  are  used.  Each  standard 
with  its  scale  is  mounted  on  a  separate  piece  of  hard  rubber,  and  may 
easily  be  clamped  in  place. 

The  details  of  the  bridge  may  be  seen  in  Fig.  28.  The  standard 
conductor  is  shown  in  the  back  and  the  two  contacts  on  it  are  made 
by  means  of  knife  edges;  one  remains  set  at  the  zero  position  and  the 
other  slides  up  and  down,  so  as  to  take  any  position  on  the  scale.  By 
a  special  locking  device,  the  latter  is  arranged  do  that  it  cannot  be 
moved  along  the  standard  except  when  the  knife  edge  is  raised.  This 
is  arranged  to  prevent  wear  on  the  standard.  The  sample  wire  is 
clamped  in  the  front  and  also  has  two  knife  edges  making  contact  on 
it,  one  at  the  zero  position,  which  remains  fixed,  and  the  other  at  the 
other  end,  which  is  movable.  Wires  which  are  not  perfectly  straight 
can  be  stretched  straight  by  means  of  the  device  shown  at  the  right- 
hand  end.  The  long  rod  also  projecting  from  the  right-hand  end  is 
used  to  give  large  movements  to  the  contact  knife  edge,  and  the  handle 
projecting  from  the  front  towards  the  other  end  works  a  rack  and 
pinion  which  gives  it  small  movements. 

31.  EXPERIMENT  1-M.  —Measurement  of  Low  Resistances 
with  Kelvin  Double-Bridge.  —  See  §§29  and  30. 

32.  EXPERIMENT  1-N  —Determination  of  Conductivity  and  of 
Temperature  Coefficient  of  Wires  with  Kelvin  or  Hoopes  Double- 
Bridge.  —  See  §§  29  and  30. 

33.  Other  Methods  of  Measuring  Resistances.  — Three  methods 
of  measuring  electrical  resistances  are  described  in  this  chapter:  The 
drop-of-potential  method,  the  substitution  method  and  the  Wheat- 
stone  bridge.  Some  other  methods  are  used  under  special  conditions; 
as  such  may  be  mentioned  the  direct-deflection  method  described  in 
§§  290  and  292,  and  the  direct-reading  ohmmeter  described  in  §  291. 


CHAPTER  II. 


AMMETERS    AND     VOLTMETERS —CONSTRUCTION     AND 

OPERATION. 

34.  In  dealing  with  electrical  energy  two  of  the  most  important 
quantities  to  be  measured  are:  current,  and  difference  of  potential. 
Commerical  instruments  for  measuring  electric  current  are  commonly 
called  ammeters,  because  the  practical  unit  of  electric  current  is  the 
"  ampere."    Instruments  for  measuring  differences  of  potential,  or 

electric  pressures,  are  called  voltmeters,  since 
the  practical  unit  of  difference  of  potential 
is  the  "volt." 

Ammeters  are  connected  in  series  with  the 
circuit  in  which  the  current  is  to  be  meas- 
ured (Fig.  29);  voltmeters  are  connected  at 
two  points  of  the  circuit,  between  which  it 
is  desired  to  determine  the  difference  of  po- 
tential. There  is  no  fundamental  difference 
in  the  construction  of  ammeters  and  volt- 
meters, for  —  with  the  exception  of  elec- 
trostatic voltmeters —  all  voltmeters  are  in 
reality  ammeters  calibrated  in  volts.  In 
other  words,  they  measure  current  passing 
through  them,  which  current  is  made  pro- 
portional to  the  voltage  at  the  terminals  of 
the  instrument,  and  the  scale  is  divided 
directly  in  volts. 

To  illustrate,  suppose  that  an  ammeter  of 
a  high  resistance,  say  1000  ohms,  be  con- 
nected across  a  line  and  that  it  show  0.1 
ampere.  According  to  Ohm's  law  it  takes  100  volts  to  drive  0.1 
ampere  through  a  resistance  of  1000  ohms;  therefore  the  voltage  of 
the  line  is  100  volts.  To  use  the  instrument  as  a  voltmeter,  the  scale 
may  be  conveniently  changed  so  as  to  have  the  division  "  100  v.  " 
correspond  to  what  was  formerly  "0.1  amp." 


Fig.  20.  Standard  connec- 
tions for  a  voltmeter  and 
an  ammeter. 
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DESCRIPTION    OP    COMMERCIAL    TYPES. 

35.  Ammeters  and  voltmeters  are  built  on  various  principles,  as 
enumerated  below;  each  system  having  its  advantages  and  short- 
comings, and  a  field  of  application  of  its  own.  Some  instruments 
may  be  used  with  both  direct  and  alternating  currents;  others  are 
suitable  for  one  kind  of  current  only.  The  types  in  practical  use  at 
present  are: 

(1)  Soft-iron  core,  or  electro-magnetic  instruments,  based  on  the 
attraction  between  a  stationary  coil  and  a  pivoted  piece  of  soft  iron 
(Fig3.30and32). 

(2)  Moving-coil  instruments  in  which  a  light  coil  moves  in  the 
strong  field  of  a  permanent  magnet    (Figs.  33  and  34). 

(3)  Electro-dynamometer  type  instruments,  based  on  the  attrac- 
tion between  a  moving  and  a  stationary  coil  (Figs.  38  and  39). 

(4)  Hot-wire  instruments,  in  which  the  current  to  be  measured 
heats  a  wire,  thus  changing  its  length  (Figs.  41  and  42). 

(5)  Induction-type  instruments,  based  on  the  principle  of  revolv- 
ing magnetic  field  (Fig.  43). 

(6)  Electrostatic  voltmeters  (Figs.  46  and  47)  in  which  two  metallic 
plates  are  mutually  attracted  because  of  opposite  electric  charges  on 
them. 

These  types  are  described  more  in  detail  in  the  following  articles. 

36.  Soft-Iron  Instruments.  —  (a)  One  of  the  oldest  instruments 
of  this  type  is  shown  in  Fig.  30. 
C  is  a  stationary  coil;  P  is  a 
soft-iron  plunger  pivoted  so  that 
it  can  move  freely  up  and  down. 
The  shaft  which  supports  the 
plunger  also  carries  the  counter- 
weight 0  and  the  pointer  N. 
When  a  current  flows  through 
the  coil,  the  plunger  is  drawn  in, 
against  the  effect  of  the  weight  Q. 
The  corresponding  deflection  is 
shown  by  the  pointer  on  the  scale. 
When  the  circuit  is  opened,  the 
counter-weight  brings  the  mov- 
ing system  back  to  zero. 

In  instruments   of   this  kind 
used  as  ammeters,  the  coil  consists  of  a  few  turns  of  heavy  wire;  in 
voltmeters  it  has  a  great  many  turns  of  fine  wire.     Even  then  the 


Fio.  30.    Plunger- type  soft-iron 
instrument. 
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resistance  of  the  coil  is  not  sufficient  to  cut  down  the  current,  and  it 
is  necessary  to  have  some  resistance  R  (Fig.  31)  connected  in  series 
with  the  instrument.  This  resistance  is  usually  called  the  multiplier; 
by  varying  the  resistance  of  the  multiplier,  the  range  of  the  instrument 
may  be  changed  within  wide  limits. 

Soft-iron  instruments  may  be  used  on  alternating  as  well  as  on  direct 
current,  because  the  attraction  between  soft  iron  and  a  coil  does  not 
depend  on  the  direction  of  the  current.  In  instruments  intended  for 
alternating  current  circuits  the  plunger  is  laminated,  or  made  of  iron 
wires;  this  is  done  to  prevent  the  formation  of  eddy  currents  and  sub- 
sequent heating  (§  189).  The  spool  on  which  the  coil  is  wound  must 
be  made  of  an  insulating  material,  or,  if  made  of  metal,  must  be  sub- 
divided so  that  .no  secondary  currents  can  be  induced  in  it.  The* 
calibration  of  the  same  instrument  is  somewhat  different  on  alternat- 


Fig.  31.    The  use  of  a  voltmeter  multiplier. 

ing  and  on  direct  current,  because  of  the  influence  of  hysteresis,  eddy 
currents  and  saturation  in  the  plunger;  the  calibration  also  depends 
to  some  extent  on  the  frequency  and  on  the  wave-form  of  the  alternat- 
ing current. 

(b)  A  more  perfect  instrument  of  the  same  type,  the  so-called  Thom- 
son inclined-coil  ammeter,  is  shown  in  Fig.  32.  The  coil  is  placed  at 
about  45  degrees  to  the  direction -of  the  shaft;  a  piece  of  soft  iron  (iron 
vane)  is  mounted  on  the  shaft  in  an  inclined  position.  When  the  coil 
is  energized,-  it  produces  a  magnetic  flux,  as  indicated  by  the  arrows: 
the  vane  tends  to  move  so  as  to  embrace  a  maximum  of  lines  of  force. 
In  doing  so  it  turns  the  shaft,  and  the  deflection  is  shown  on  the  scale. 
The  motion  is  opposed  by  a  spiral  spring,  the  counter-weight  serving 
to  balance  the  moving  part. 

This  instrument  is  more  compact  than  the  above-described  plunger- 
type  instrument;  the  moving  part  is  lighter,  and  the  friction  is  much 
reduced,  making  the  instrument  more  sensitive.  Moreover,  the  spring 
control  is  more  positive  than  the  gravity  control  used  in  the  plunger 
instrument.    Thomson  inclined-coil  instruments  are  made  practically 
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"  dead-beat  "  by  means  of  an  aluminum  vane  fastened  to  the  moving 
part.  The  movement  is  effectively  damped  by  the  resistance  of  the 
air  to  movements  of  this  vane,  and  the  pointer  assumes  its  final 
deflection  without  swinging  to  and  fro. 

(c)  By  saying  that  an  ammeter  indicates  an  alternating  current 
it  is  understood  that  it  merely  shows  its  effective  value,  and  not  instan- 
taneous values.  Let  /  be  a  certain  value  of  direct  current  flowing 
through  the  coil  of  a  soft-iron  instrument,  and  M  the  corresponding 
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Fio.  82.     Mechanism  of  the  Thomson  inclined  coil  ammeter. 

magnetic  flux  in  the  plunger.  The  pull  on  the  plunger  is  proportional 
to  the  product  of  the  current  times  the  flux,  or 

pull  -  /  X  M (1) 

The  magnetism  in  the  plunger  is  produced  by  the  current  /;  if  the 
saturation  in  iron  is  not  carried  too  high,  it  may  be  assumed,  that 
M  =*  hi,  where  k  is  a  constant;  so  that 

pull  =  A.P (2) 

In  other  words  the  pull  is  proportional  to  the  square  of  the  current. 
If  an  alternating  current  now  flow  through  the  coil  and  i  and  m  be 
some  instantaneous  values  of  the  current  and  of  the  flux,  we  have 
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as  before,  that  the  instantaneous  pull  =  ki*.  It  is  easy  to  see  that 
the  direction  of  the  pull  does  not  change  with  the  change  in  direction 
of  the  current,  because  i  and  m  change  their  sign  simultaneously. 
Since  the  inertia  of  the  moving  part  of  the  instrument  is  sufficiently 
large  to  prevent  it  from  following  the  fluctuations  in  the  value  of  the 
pull,  the  plunger  assumes  the  position  corresponding  to  the  average 
pull.    Thus  we  have 

average  pull  =  k    ^  C    #  .  dt  -  k  .  Peff       .     .     .    .     (3) 

where  dt  is  an  infinitesimal  element  of  time,  and  T  is  the  duration  of 
one  cycle  of  the  alternating  current. 

The  value  of  /cff,  defined  by  the  expression  (3)  is  called  the  effective 
value  of  the  alternating  current,  or  the  square  root  of  the  mean  square 
of  the  instantaneous  values.  It  will  be  seen  by  comparing  the  expres- 
sions (3)  and  (2)  that  a  soft-iron  instrument  calibrated  with  direct 
current  should  show  effective  values  of  alternating  currents.  In 
reality  this  is  not  quite  true,  because  the  magnetism  M  is  not  exactly 
proportional  to  the  current  (effect  of  saturation  in  iron);  moreover 
the  effect  of  hysteresis  and  of  eddy  currents  is  noticeable.    At  any 


Fig.  33.    Arrangement  of  parts  in  a  moving-coil  instrument, 
rate  a  calibration  made  with  direct  current  is  true  within  a  very  few 
per  cent  with  alternating  currents  of  usual  frequencies. 

37.   Moving-Coil  Instruments.  —  The  principle  upon  which  these 
instruments  are  constructed  will  be  seen  from  Figs.  33  and  34.    A 
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light  coil  C  of  fine  wire  is  pivoted  or  suspended  in  the  strong  field  of  a 
stationary  steel  magnet  NS.  When  a  direct  current  is  passed  through 
the  coil,  it  tends  to  move  so  as  to  embrace  the  lines  of  force  produced 
by  the  magnet,  according  to  the  fundamental  law  of  electro-mag- 
netism. The  deflection  is  shown  on  the  scale  by  the  pointer  P.  A 
soft-iron  cylinder  /  is  placed  inside  the  coil.  It  offers  an  easier  path 
for  the  lines  of  force  from  pole  to  pole,  and  also  makes  the  field  in  the 
air-gap  uniform.     This  latter  point  is  of  particular  importance,  since 


Fig.  84.     Construction  of  Weston  moving-coil  instruments. 


it  makes  it  possible  to  have  a  perfectly  uniform  scale,  which  is  one  of 
the  good  features  of  these  instruments. 

The  movement  of  the  coil  is  opposed  by  two  spiral  springs,  one  on 
top  and  the  other  on  the  bottom  (Fig.  34);  the  springs  are  coiled  in 
opposite  directions  so  that  one  of  them  is  twisted  while  the  other  is 
untwisted  during  the  movement  of  the  coil.  This  compensates  for  a 
possible  non-uniformity  in  the  material  of  the  springs.  In  most  instru- 
ments, the  same  springs  are  used  for  leading  the  current  into  and  out 
of  the  coil.  In  some  cases  separate  leads  are  used  independent  of  the 
springs;  such  leads  must  offer  no  opposition  to  the  movement  of  the 
coil.  Without  the  controlling  force  of  the  springs,  the  needle  would 
be  deflected  to  the  end  of  the  scale  with  any  current. 

A  little  consideration  will  show  that  moving-coil  instruments  can 
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be  used  for  direct  current  only,  because  the  direction  of  deflection 
depends  upon  the  direction  of  the  current.  When  an  instrument  of 
this  type  is  connected  to  an  alternating-current  circuit,  the  needle 
merely  trembles  at  its  zero  position  without  giving  any  deflection. 
This  is  because  it  receives  opposite  impulses  in  such  rapid  succession 
that  it  has  no  time  to  move  in  either  direction. 

Moving-coil  instruments  are  easily  made  "dead-beat"  by  winding 
the  moving  coil  on  an  aluminum  frame.  Eddy  currents  induced  in 
the  frame  during  the  movement  of  the  coil  effectively  check  any  ten- 
dency to  swing  about  the  point  of  equilibrium.  The  damping  of  the 
instruments  made  by  the  American  Instrument  Co.  is  adjusted  so 
that  the  pointer  passes  a  little  tbeyond  the  final  position  and  immedi- 
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Fig.  35.    Measurement  of  currents  with  an  ammeter  shunt  and  a  milli-voltmeter. 


ately  returns  to  it.  The  purpose  of  this  arrangement  is  to  make  sure 
that  the  movement  is  not  impeded  by  friction. 

The  moving  coil  carries  only  very  small  currents  —  usually  not 
more  than  0.05  amp.;  at  the  same  time  the  resistance  of  the  coil  is 
comparatively  low.  Therefore  instruments  used  as  voltmeters  are 
provided  with  high  resistance  multipliers  connected  in  series  with 
the  coil  (Fig.  31).  These  multipliers  are  either  mounted  within  the 
case  of  the  instrument  itself,  or  else  are  placed  outside  the  instrument 
in  separate  boxes. 

38.  Ammeter  Shunts.  —  Moving-coil  instruments  used  as  ammeters 
are  provided  with  so-called  "  shunts  "  which  carry  the  main  current 
to  be  measured.  The  shunt  is  connected  into  the  line  aa  (Fig.  35) 
in  which  it  is  desired  to  measure  current.  The  instrument  (Am.) 
itself  is  but  a  sensitive  voltmeter  (milli-voltmeter)  which  measures 
the  drop  across  the  terminals  tt  of  the  shunt. 

Assume,  for  instance,  that  the  resistance  of  the  shunt  is  0.001  ohm, 
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and  that  the  instrument  reads  50  milli-volts,  or  0.050  v.     According 
to  Ohm's  law  the  current  in  the  line 

0.050       Ca 
%  = «  50  amperes. 

0.001 

In  commercial  instruments,  the  shunt  and  the  milli-voltmeter  are 
usually  calibrated  together,  and  the  scale  reads  directly  in  amperes 
instead  of  in  milli-volts.  In  ammeters  not  over  25  amperes  capacity, 
shunts  may  be  placed  inside  of  the  ammeter  case,  so  as  to  make  the 
instrument  self-contained.     In  larger  instruments,  the  shunt  is  placed 


Fig.  36.    An  ammeter  shunt  (Weston). 

outside  (Fig.  36)  and  connected  to  the  milli-voltmeter  by  flexible 
leads. 

Ammeter  shunts  are  made  of  strips  of  manganin,  German  silver  or 
other  material  of  high  specific  resistance  and  low  temperature  coeffi- 
cient. The  strips  S  (Fig.  35)  are  sweated  into  heavy  brass  blocks 
66.  Two  separate  pairs  of  terminals  are  provided:  Large  terminals 
TT  for  the  line  connection,  and  small  terminals  U  for  connecting  the 
shunt  to  the  milli-voltmeter.  The  latter  terminals  are  placed  so  as 
to  measure  the  drop  across  the  body  S  of  the  shunt,  independent  of 
the  distribution  of  current  in  the  blocks  66.  This  distribution  may 
vary  with  an  uncertain  contact  at  the  main  terminals  TT. 

One  common  mistake  which  the  beginner  is  apt  to  make,  when  using 
moving-coil  instruments,  is  to  forget  to  connect  a  multiplier  or  a  shunt. 
This  invariably  results  in  either  the  moving  coil  (Fig.  34)  or  the  spiral 
springs  being  burned  out,  and  the  pointer  being  bent  or  broken. 
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39.  Friction  in  Pivots.  —  The  usual  way  of  supporting  the  moving 
coil  is  by  means  of  hardened  steel  pivots  with  sharp  points;  these  rest 
in  V  or  cup-shaped  depressions  formed  in  agate  or  sapphire  bearings. 
While  the  moving  system  is  made  as  light  as  possible,  the  area  of  con- 
tact between  the  end  of  the  pivot  and  its  journal  is  so  minute,  that 
the  pressure  per  unit  area  is  quite  considerable,  even  with  the  instru- 
ment at  rest.  As  a  result  some  wear  is  produced  and  the  friction 
increases  with  time,  especially  if  the  instrument  is  carried  around  or 
is  subjected  to  continuous  jar. 

While  such  conical  pivots  are  standard  with  most  makers,  there  is  a 
tendency  on  the  part  of  a  few  to  remedy  the  drawback  of  sharp  points. 
One  company  uses  with  good  success  highly  polished  cylindrical  pivots 


"'^ 


in  which  sharp  points  are  eliminated, 
and  the  pressure  per  unit  area  con- 
siderably reduced. 

Another  solution  is  shown  in  Fig. 
37.  Two  ruby  jewels  BB,  of  the  kind 
used  in  watches,  are  attached  to  the 
moving  coil  A  of  the  instrument. 
Through  the  holes  pierced  through 
these  two  jewels  is  threaded  a  length, 
CC,  of  phosphor  bronze  or  nickel 
steel  wire,  which  thus  guides  the  coil 
and  holds  it  truly  centered.  To  pro- 
vide against  endwise  motion,  spiral 
springs,  D,  D,  are  attached  to  the  coil, 
the  other  ends  of  same  being  secured 
to  brackets  on  a  stationary  portion 
of  the  instrument.  These  springs  not 
only  support  the  coil  but  furnish  the 
force  opposing  its  rotation  when  current  flows.  If  an  instrument  so 
built  is  dropped,  the  coil,  A,  evidently  will  but  slide  up  and  down  on 
its  guide  wire  for  a  short  distance  without  causing  any  damage.  When 
in  use  and  at  rest,  the  coil  moves  as  freely  as  that  of  a  reflecting  galva- 
nometer, the  only  friction  being  the  molecular  one  of  the  supporting 
springs. 

40.  Electro-Dynamometer  I  nstruments. — These  instruments  have 
a  stationary  and  a  movable  coil;  the  two  coils  being  connected  in  series 
attract  each  other  when  a  current  flows  through  them  (Figs.  38  and 
39).  Spiral  springs  used  as  the  controlling  force  for  the  movable  coil 
hold  it  at  a  certain  angle  with  the  stationary  coil  when  no  current  is 
flowing.    When  a  current  is  flowing  through  the  coils,  the  moving  coil 


Fig.  37.  Construction  of  Whitney 
moving-coil  instruments  ;  the  coil 
is  supported  by  the  springs  DD, 
instead  of  on  pivpts. 
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tends  to  place  itself  in  a  plane  parallel  to  that  of  the  stationary  coil, 
producing  a  deflection  which  is  read  on  the  scale. 

The  coils  of  a  voltmeter  based  on  this  principle  are  shown  in  Fig. 
38;  the  general  make-up  of  the  instrument  is  the  same  as  in  Fig. 


Fjg+  38,    Arrangement  of  coils  in  a 
dynamo  uaeLer-iype  voltmeter. 

34,  except  that  stationary  coils 
are  substituted  for  permanent 
magnets.     Because  of  this  lat- 
ter fact,  the   instrument  be- 
comes equally  applicable   for 
direct  or  alternating  current, 
since  —  the    coils    being    con- 
nected    in    series  —  the    cur- 
rent   changes    simultaneously 
in  both,   and    the    attraction 
between    them    does    not  re- 
verse. In  fact,  electro-dyna- 
mometer type  instruments 
ure  calibrated  with   direct 
current  and  used  on  alter-       Fl°-  89.    Arrangement  of  parts  in  an  electro- 
nating  currents.  dynamometer  (ammeter). 

Instruments  of  this  type  are  better  adapted  for  voltmeters  than  for 
ammeters.  In  the  latter,  it  is  difficult  to  devise  a  satisfactory  arrange- 
ment for  leading  heavy  currents  into  the  movable  coil  without  inter- 
fering with  its  free  motion.  The  usual  construction  where  large  cur- 
rents are  to  be  measured  is  shown  in  Fig.  39.  BB  are  the  terminals 
of  the  instrument;  the  current  flows  from  the  left  terminal  through  the 
stationary  coil  SS  to  the  upper  mercury  cup  C;  thence  through  the 
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movable  coil  MM  and  the  lower  cup  C  to  the  right  terminal  B.  The 
coil  MM  is  suspended  from  the  top  of  the  instrument  by  a  cocoon 

thread  (not  shown  in  Fig.  39), 
and  is  controlled  by  the  spiral 
spring  t  operated  by  the  torsion 
knob  K;  the  zero  of  the  scale  is 
between  the  stops  qq.  When  a 
current  flows  through  the  instru- 
ment the  pointer  P  strikes  against 
the  right  stop  q.  The  knob  K  is 
then  turned  to  the  left,  until  P 
comes  back  to  zero.  The  index 
/  shows  the  angle  of  torsion  on 
the  dial  D.  Fig.  40  gives  the 
general  view  of  an  electro-dyna- 
mometer. 

The  instruments  shown  in  Figs. 
39  and  40  are  not  direct  reading, 
the  pointer  indicating  an  angle 
only.     If  a  is  the  angle  of  torsion 
Fig.  40.     An  electro-dynainoineter.  in  degrees,  the  current 

.    i  =  k  Vaf 

where  k  .is  a  calibration  constant  of  the  instrument.  This  formula  is 
deduced  as  follows:  The  torque  between  the  two  coils  is  proportional 
to  the  product  of  currents  in  them,  or 

torque  =  fci  .  4t»-  imoy. 

The  coils  being  in  series  i«,ta  =  t'moy  =  i\  therefore 

torque  =  kti?       (4) 

This  torque  is  balanced  by  the  torsion  of  the  spring;  the  spring  is 
wound  so  that  the  twisting  force  is  proportional  to  the  angle  of  torsion. 
Thus 

torque  =  &2a, 
hence 


or 


ifcii2  =  kopt, 
With  alternating  currents  the  expression  (4)  becomes: 


torque  —  kx 


i/1 

l    t/0 


v*dt  =  la  .  P,g. 
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Hence  the  instrument  shows  true  effective  values  of  alternating  currents 
(see  §36c). 

A  good  feature  of  electro-dynamometers  used  as  ammeters  is  that 
they  are  accurate  and  sensitive;  moreover,  they  may  be  calibrated  with 
direct  current  and  used  with  alternating  current.  Their  serious  draw- 
back is  that  they  are  not  direct  reading  and  cannot  be  used  on  com- 
mercial switchboards.  The  presence  of  mercury,  and  the  necessity 
for  leveling  make  electro-dynamometers  inconvenient  to  handle,  even 
in  ordinary  testing  work.    Moreover,  they  have  no  provision  for  damp- 


Fig.  41.     Mechanism  of  Hartmann  &  Braun  hot-wire  instruments. 


ing,  and  require  some  skill  in  taking  readings,  especially  with  fluctuating 
currents. 

In  spite  of  these  drawbacks,  they  are  largely  used  in  testing,  for  lack 
of  better  A.  C.  ammeters.  Attempts  have  been  made  to  make  the 
electro-dynamometer_direct  reading  in  order  to  do  away  with  the  awk- 
ward expression  Va.  To  make  the  scale  more  regular  the  moving 
coil  is  placed  eccentrically,  and  both  coils  are  bent  in  such  a  way  as  to 
increase  deflections  with  small  currents. 

41.  Hot- Wire  Instruments. —  A  typical  hot-wire  instrument  is 
shown  in  Fig.  41.  The  current  to  be  measured,  or  a  definite  part  of 
it,  passes  through  the  stretched  platinum-silver  wire  AB  and  heats  it 
so  that  it  takes  an  appreciable  sag.  The  resulting  downward  motion 
of  the  point  C  is  transmitted  to  the  pointer  P.    The  deflection  is 
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magnified  by  the  wire  CD  the  point  F  of  which  is  under  the  tension 
of  the  spring  KH.  When  C  moves  downward,  F  and  H  move  to  the 
left,  and  the  silk  thread  turns  the  pulley  G;  the  pointer  P,  mounted 
on  the  same  shaft  with  G,  shows  the  deflection  on  the  scale.  Instru- 
ments of  this  construction  can  be  used  equally  well  with  direct  or 
alternating  currents,  as  an  ammeter,  or  as  a  voltmeter.  Shunts  are 
used  with  hot-wire  ammeters  (see  Fig.  35);  the  current  through  the 
hot  wire  itself  being  usually  about  5  amperes  with  a  full  scale  deflection. 
The  scale  of  hot-wire  instruments  is  not  uniform,  because,  the  heat 
energy  put  into  the  wire  increases  as  the  square  of  the  current. 

The  instrument  shown  in  Fig.  41  is  made  "dead-beat "  as  follows: 
An  aluminum  disk  is  mounted  on  the  same  shaft  with  the  pulley  G 
and  placed  between  the  poles  of  a  strong  horse-shoe  magnet.  Eddy 
currents  are  induced  in  the  disk  during  its  motion  and  effectually 
damp  vibrations  of  the  needle. 

The  hot-wire  instrument  shown  in  Fig.  42  has  the  following  con- 
struction: a  wire,  a-b,  of  high  resistance,  low  temperature  coefficient 

and  non-oxidizable  metal,  is  secured  at  one 
end  to  a  plate  c  and  passed  around  a  pulley 
d  which  is  fastened  to  a  shaft  e.  The  other 
end  of  the  wire  is  brought  back  again  and 
mechanically — though  not  electrically  —  at- 
tached to  the  same  plate  c.  Plate  c  is  kept 
under  stress  by  the  spring  /,  which  constantly 
tends  to  pull  it  in  a  direction  at  right  angles 
with  the  axis  of  the  shaft  e;  the  plate  is  so 
guided  that  it  can  be  moved  in  that  one 
direction  only.  To  the  shaft  e  is  likewise 
secured  an  arm  gf  bifurcated  at  one  end 
and  counterweighted  at  the  other.  Between 
the  extremities  of  the  bifurcated  ends  of  the 
arm  g  is  another  shaft  h,  on  which  there  is  a 
small  pulley  and  to  which  is  attached  the 
needle  i  that  gives  the  desired  indications.  A  fine  silk  fiber  is  attached 
at  one  end  to  one  of  the  arms  of  gy  then  passes  around  the  pulley  on 
the  staff  h  and  has  its  other  extremity  secured  to  the  other  arm.  The 
arms  are  springy  and  serve  to  keep  the  silk  fiber  taut.  The  current 
to  be  measured  flows  through  the  wire  a  only,  entering  and  leaving  as 
indicated  by  the  arrows. 

When  a  is  heated  by  the  passage  of  a  current,  it  expands;  this  makes 
a's  tension  relatively  less  than  that  of  b;  the  equilibrium  can  be  restored 
only  when  the  pulley  d  rotates  sufficiently  to  again  equalize  the  strain. 


Fig.  42.  Mechanism  of 
Whitney  hot-wire  in- 
struments. 
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In  its  rotation,  d  carries  g  with  it,  and  g  in  moving  causes  the  silk  fiber 
to  rotate  the  shaft  which  carries  the  needle.  If  the  temperature  of 
the  air  surrounding  the  instrument  changes,  a  and  b  are  affected  alike; 
their  resulting  equal  expansion  simply  causes  a  movement  of  the  plate  c 
back  or  forth  in  its  path  without  any  tendency  to  rotate  the  pulley. 
If  r  is  the  resistance  of  the  "  hot-wire/'  the  average  heat  generated 
in  it  with  alternating  currents  is 

\f\*r)  dt-r.±fi?.dt-rP«. 

Hence,  a  hot-wire  instrument   calibrated   with  direct  current  shows 
true  effective  values  of  alternating  current  (see  §  36  c). 


Fig.  43.    Principle  of  action  of  Westinghouse  induction-type  instruments 


42.  Induction-Type  Instruments.  —  These  instruments  are  based 
on  the  principle  of  a  revolving  magnetic  field  produced  by  two  out-of- 
phase  alternating  currents  (see  §  520).  In  the  construction  shown 
in  Fig.  43  the  alternating  current  to  be  measured  flows  through  the 
coil  C  of  the  laminated  iron  core  /  and  produces  in  it  a  pulsating  mag- 
netic field.  A  pivoted  aluminum  disk  D  is  subjected  to  the  inductive 
action  of  this  field  in  the  air  gap  of  the  core;  which  disk  can  be  made 
to  move  under  the  influence  of  eddy  currents  induced  in  it,  if  these 
currents  are  unsymmetrical  in  respect  to  the  iron  core.  This  is  done 
by  placing  an  electric  screen,  or  a  secondary  coil  S,  on  one  side  of  the 
iron  core.  The  currents  induced  in  this  coil  oppose  the  primary  cur- 
rents in  C  and  thus  weaken  the  magnetic  flux  on  one  side  of  the  core 
—  the  phase  of  the  flux  is  also  changed  hereby.  This  combination  of 
the  two  fluxes  produces  unsymmetrical  currents  in  the  aluminum  disk 
and  causes  it  to  move,  thus  producing  a  deflection  on  the  scale  B  against, 
the  action  of  spiral  springs,  used  as  the  controlling  force.     In  short, 
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this  instrument  is  a  single-phase  induction  motor,  the  screening  coil 
taking  the  place  of  a  "  split-phase  "  arrangement.  In  some  instruments 
an  aluminum  drum  instead  of  the  disk  is  used  as  the  moving  part ; 
the  instrument  has  then  the  aspect  shown  in  Fig.  83 ;  however,  the 
theory  remains  the  same. 

The  instruments  based  on  this  principle  are  robust,  convenient  for 
use,  and  possess  a  fair  degree  of  accuracy.  Of  course,  they  can  be 
used  on  alternating  currents  only,  and  their  indications  depend  to  a 
considerable  degree  on  the  frequency  of  the  supply.  It  is  possible  to 
have  in  these  instruments  a  fairly  uniform  scale  extending  over  300 
degrees,  which  adds  considerably  to  their  accuracy. 

Ammeters  based  on  this  principle  are  usually  wound  for  5  amperes, 


(  )A 


Ammeter 


Current  or  series 
transformer 


Line 


Fig.  44.    Measurement  of  alternating  currents  through  a  series-  or 
current-transformer. 

and  adapted  for  use  in  connection  with  series  or  current  transformers 
(Fig.  44)  by  means  of  which  currents  of  any  value  can  be  measured 
with  the  same  instrument.  Voltmeters  are  provided  with  multipliers, 
and  for  higher  voltages  also  with  shunt  transformers  (Fig.  45). 

One  detail  in  induction-type  voltmeters  deserves  special  mention. 
When  the  temperature  of  the  aluminum  disk  increases,  its  resistance 
is  increased,  thereby  decreasing  the  current  flowing  in  the  disk.  This 
reduces  the  torque,  and  consequently  the  deflection  of  the  pointer. 
Two  methods  are  used  for  compensating  the  influence  of  temperature, 
by  increasing  the  strength  of  the  magnetic  field: 

(1)  In  meters  intended  for  high  frequencies,  and  having  a  large 
torque,  a  short-circuited  coil  is  placed  around  one  pole  of  the  electro- 
magnet //  (Fig.  43).    This  coil  acts  as  the  secondary  of  a  transformer, 
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and  reduced  the  flux  in  the  instrument.  When  the  temperature 
increases,  the  resistance  of  this  coil  also  increases;  this  reduces  its 
choking  effect  on  the  magnetic  field,  and  the  flux  increases. 

(2)  In  meters  for  low  frequencies  a  non-inductive  resistance  is 
shunted  around  the  magnetizing  coil  C  (Fig.  43) .  This  shunt  is  selected 
of  such  a  value  that  its  resistance  increases  with  temperature  at  the 
same  rate  as  the  resistance  of  the  aluminum  disk.  Therefore,  when 
the  temperature  rises,  more  and  more  current  flows  through  the  mag- 
netizing coil  of  the  voltmeter,  increasing  the  field  strength  in  the 
rlesired  proportion. 
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Voltmeter 
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Potential  or  drank 
transformer  • 


Line 


Fig.  45.    Measurement  of  alternating  voltages  through  a  potential-  or  shunt- 
transformer. 

43.  Electrostatic  Voltmeters,  —  These  instruments  are  based  on 
electrostatic  attraction  between  two  plates  carrying  opposite  electric 
charges.  The  stationary  and  the  moving  plates  are  clearly  seen  in 
the  voltmeter  shown  in  Fig.  46.  They  are  insulated  from  each  other 
and  are  connected  to  opposite  sides  of  the  line,  so  that  they  are  charged 
with  equal  and  opposite  quantities  of  electricity.  The  movable  plate 
is  attracted  by  the  stationary,  and  the  deflection  is  shown  on  the  scale. 
In  this  particular  instrument  gravity  is  used  as  the  controlling  force. 
By  changing  the  weights  shown  on  bottom  of  the  movable  plate,  the 
sensitiveness  of  the  instrument  is  varied  within  wide  limits.  Elec- 
trostatic voltmeters  give  identical  deflections  with  direct  and  with 
alternating  voltages;  in  the  latter  case  the  sign  of  the  electric  charges 
is  changed  simultaneously  on  both  plates,  so  that  the  force  between 
them  is  always  an  attraction. 
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With  low  voltages  the  necessary  area  to  be  given  the  plates  becomes 
rather  large,  in  order  to  have  an  appreciable  attraction.  For  this 
reason,  electrostatic  voltmeters  are  mostly  used  for  high-tension  work. 
A  low-voltage  static  voltmeter  designed  by  Lord  Kelvin  is  shown  in 
Fig.  47.  The  required  surface  is  obtained  by  using  several  small  plates, 
because  of  which  the  instrument  is  known  as  the  multi-cellular  voltmeter. 

An  ingenious  electrostatic  voltmeter,  designed  by  Mr.  S.  M.  Kintner 


Fig.  46.   Lord  Kelvin  static  voltmeter  for  high 
voltages. 


Fio.  47.  Lord  Kelvin  multi-cellu- 
lar (static)  voltmeter  for  medium 
and  low  voltages. 


is  shown  in  Fig.  48.  The  working  parts  of  the  instrument  are  immersed 
in  insulating  oil,  and  the  voltmeter  may  be  built  for  voltages  up  to 
200,000  volts.  The  stationary  part  consists  of  two  curved  plates  BB 
connected  to  the  lines,  either  directly  or  through  the  condensers  CC. 
The  moving  element  consists  of  two  suspended  hollow  cylinders  MM. 
The  instrument  may  be  used  with  both  condensers  in  series,  or  with 
either  or  both  short-circuited,  thus  giving  a  wide  range  of  voltages. 
When  an  electric  pressure  is  applied  between  the  plates  BB,  the  mov- 
ing element  becomes  charged  by  induction,  and  its  cylinders  tend  to 
approach  the  stationary  plates.  This  they  can  do  by  moving  counter- 
clock-wise,  the  shape  of  the  stationary  plates  being  such  that  this 
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movement  reduces  the  distance  between  them  and  the  moving  element. 
The  deflection  is  read  on  the  scale,  spiral  springs  being  used  as  the  con- 
trolling force. 

The  insulation  is  the.  most  important  feature  in  an  instrument  of 
this  type  intended  for  high  voltages;  the  use  of  oil  has  many  advantages 
which  may  be  summarized  as  follows: 

(1)  The  distance  between  the  operating  elements  is  lessened,  and 
the  actuating  forces  are  greatly  increased,  due  not  only  to  the  smaller 
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Fig.  48.     Mechanism  of  the  Westinghouse  static  voltmeter  for  extra  high  voltages. 


distance  between  the  parts,  but  also  to  the  increased  specific  inductive 
capacity  of  oil  over  air. 

(2)  Oil  acts  as  a  dampener  and  makes  the  instrument  nearly  "  dead- 
beat." 

(3)  The  oil  buoys  up  the  moving  element,  practically  removing  all 
weight  from  the  bearings.  This  does  away  with  friction  and  makes 
the  instrument  much  more  accurate. 

44.  Summary  of  the  Above  Described  Types  of  Instruments.  — 
Thus,  summing  up  the  above  types  of  voltmeters  and  ammeters,  used 
in  practical  engineering  work,  we  have:  soft  iron  instruments  are  the 
cheapest  and  are  used  for  both  D.  C.  and  A.  C.  work  where  no  particular 
accuracy  is  required;  for  accurate  D.  C.  work  moving-coil  instruments 
are  employed  exclusively;  electro-dynamometer  type  and  hot-wire 
instruments  are  used  for  accurate  A.  C.  measurements.  Recently, 
portable  induction-type  instruments  are  being  introduced  for  this 
purpose,  though  so  far  they  have  been  mostly  used  for  A.  C.  switch- 
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board  work'.      Electrostatic  voltmeters  are  used  to  some  extent  for 
high-tension  measurements,  and  in  special  research  work. 

45.   Requirements  for  Good   Ammeters  and  Voltmeters. — The 

principal  requirements  for  a  good  measuring  instrument  are: 

(1)  Permanency  of  calibration; 

(2)  Insensibility  to  stray  magnetic  fields; 

(3)  "  Dead-beat "  quality,  i.e.,  the  instrument  should  not  swing  too 
long  before  giving  a  definite  indication  ; 

(4)  Suitable  character  of  the  scale. 

All  these  requirements  are  met  to  a  larger  or  smaller  degree  in  modern 
ammeters  and  voltmeters.  However,  the  more  strict  the  requirements, 
the  more  expensive  becomes  the  instrument;  it  is  therefore  advisable 
not  to  demand  greater  accuracy  than  a  specific  case  may  require.  In 
discussion  of  the  above  requirements,  it  may  be  said  that 

(1)  The  calibration  may  be  affected  by  a  change  of  form  or  relative 
position  of  parts  inside  of  the  instrument;  by  an  increased  friction  in 
pivots;  by  ageing  of  springs  or  of  iron;  by  permanent  magnets  losing 
part  of  their  magnetism. 

(2)  Some  of  the  above-described  types  of  instruments  are  inher- 
ently less  affected  by  external  stray  fields  than  others,  and  all  of  them 
can  be  sufficiently  protected  by  being  inclosed  in  a  cast-iron  case. 
Hot-wire  instruments  are  practically  unaffected  by  stray  fields,  since 
their  action  is  not  based  on  a  magnetic  effect;  induction  instruments 
are  affected  very  little,  since  their  air  gap  is  small  and  their  own  field 
quite  strong.  Electro-magnetic  instruments  are  affected  the  most,  and 
should  never  be  placed  near  dynamos,  or  on  a  switchboard  within  a 
loop  of  bus  bars  and  cables  carrying  strong  currents.  Electro-dyna- 
mometer type  instruments  are  affected  by  terrestrial  magnetism  when 
used  on  direct  current;  therefore  in  accurate  measurements  it  is  essen- 
tial to  reverse  the  current  in  the  instrument  and  to  take  the  average 
of  two  readings. 

(3)  The  "dead-beat"  quality  is  always  desirable  in  an  instrument, 
though  usually  it  can  be  attained  only  by  the  addition  of  an  extra 
damping  device.  An  aluminum  vane  is  quite  frequently  used  for  this 
purpose,  the  damping  being  attained  either  by  the  resistance  of  the  air 
to  the  movement  of  the  vane,  or  by  placing  the  vane  between  the  poles 
of  a  permanent  magnet,  so  as  to  induce  in  it  eddy  currents.  Moving- 
coil  instruments  are  easily  made  "  dead-beat "  by  making  the  frame 
of  the  moving  coil  of  aluminum.  Eddy  currents  induced  in  it  by  the 
permanent  magnet  are  sufficient  to  make  the  instrument  dead-beat 
(the  word  "  aperiodic  "  is  sometimes  used  instead  of  the  expression 
''dead-beat "). 
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(4)  Different  types  of  instruments  have  a  somewhat  different  char- 
acter of  scale.  The  scale  of  moving-coil  instruments  is  usually  perfectly 
regular,  all  divisions  from  zero  to  full  scale  being  equal  (Fig.  33).  On 
the  other  hand,  hot-wire  instruments  have  rather  an  irregular  scale, 
divisions  being  crowded  on  the  lower  part  of  the  scale  (Fig.  41),  so 
that  the  instrument  can  be  read  with  fair  accuracy  at  not  less  than  40 
per  cent  of  its  full  range.  Sometimes  the  scale  is  made  suppressed  on 
purpose  in  its  lower  part  so  as  to  have  larger  divisions  in  the  useful 
range  of  the  instrument.  In  instruments  based  on  the  hot-wire  or 
dynamometer  principle,  the  scale  is,  of  necessity,  irregular,  since  the 
deflecting  force  is  proportional  to  the  square  of  the  current.  A  regular 
scale  is  by  no  means  always  desirable  in  switchboard  service,  though  it  is 
very  convenient  in  testing  and  for  experimental  purposes,  since  it 
increases  the  useful  range  of  the  instrument. 

46.  EXPERIMENT  2-A.  — Study  of  Ammeters.  —  The  purpose 
of  the  experiment  is  to  learn  the  construction,  good  qualities  and  limita- 
tions of  the  principal  types  of  instruments  described  in  §§  36  to  43.  This 
should  help  the  student  to  handle  instruments  properly  in  his  future 
work,  and  to  select  intelligently  the  right  instruments  for  a  given  pur- 
pose. The  instrument  to  be  investigated  must  be  connected  into  a 
circuit;  if  necessary  another  instrument,  used  as  a  standard,  must  be 
also  connected  into  the  same  circuit,  in  order  to  observe  the  compara- 
tive behavior  of  the  two.  There  are  many  points  in  regard  to  which 
two  instruments  of  the  same  range  and  of  different  type  may  be  com- 
pared to  each  other;  the  following  are  among  the  most  important: 

(1)  Are  there  any  defects  in  the  construction,  such  that  the  instru- 
ment cannot  possibly  have!  a  permanent  calibration? 

(2)  Is  the  instrument  "  dead-beat,"  and  if  not,  how  can  it  be  made 
dead-beat  in  the  most  convenient  way?  The  degree  of  being  "  dead- 
beat  "  can  be  measured  by  suddenly  closing  the  circuit  on  a  current 
that  gives  a  certain  per  cent  of  full  scale  deflection,  say  60  or  70  per  cent, 
and  by  observing  the  time  which  it  takes  for  the  pointer  to  become 
steady  at  this  point.  This  method  of  defining  the  "dead-beat  "  degree 
is  entirely  arbitrary,  but  if  the  same  procedure  is  used  on  all  the  instru- 
ments under  test,  the  results  are  comparable  among  themselves. 

(3)  If  the  instrument  is  absolutely  dead-beat  (aperiodic)  note  how 
long  it  takes  the  pointer  to  assume  its  final  deflection.  Also  see  to 
what  degree  the  moving  part  is  capable  of  following  rapid  fluctuations  of 
current.  This  point  is  particularly  important  in  hot-wire  instruments; 
they  are  somewhat  sluggish  on  fluctuating  loads,  because  it  takes  a 
certain  length  of  time  for  a  wire  to  change  its  temperature.     Charac- 
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terize  this  sluggishness  numerically,  by  varying  the  current  up  and 
down  at  a  certain  speed  and  by  a  certain  percentage;  observe  the  beha- 
vior of  the  instrument  under  test,  as  compared  to  that  of  the  standard 
instrument. 

(4)  See  if  the  pointer  always  returns  to  zero,  or  at  least  to  the 
same  point,  when  the  circuit  is  opened;  if  not,  investigate  the  cause. 
In  hot-wire  instruments  a  special  screw,  accessible  from  the  outside, 
is  provided  for  setting  the  pointer  at  zero;  it  is  denoted  by  S  in 
Fig.  41. 

(5)  Can  the  instrument  be  used  indifferently  in  a  vertical  and  hori- 
zontal position  ?  Is  the  moving  part  sufficiently  well  balanced  so  that 
small  differences  in  the  position  of  the  instrument  do  not  affect  the  cali- 
bration ? 

(6)  What  kind  of  force  is  used  to  deflect  the  pointer  from  zero 
position,  and 'what  is  the  resisting  force  ? 

(7)  How  explain  the  character  of  the  scale  (regular,  crowded  on  one 
side,  etc.)  by  the  character  of  the  moving  and  resisting  forces?  What 
changes  should  be  made  in  the  instrument  to  get  a  scale  more  regular, 
or  still  more  suppressed  on  one  side  ? 

(8)  Is  the  instrument  conspicuously  bulky  and  heavy,  as  a  result 
of  a  particular  construction  adopted  ?  What  are  the  principal  materials 
used,  and  what,  in  your  opinion,  are  the  most  important  and  expensive 
operations  in  manufacturing  the  instrument  ? 

(9)  Is  the  calibration  affected  by  the  temperature,  and  if  so,  how 
much  ?  Is  there  in  the  instrument  any  compensation  for  the  influence 
of  temperature  ?  Some  alternating-current  voltmeters  have  a  small 
thermometer  on  the  face  of  the  instrument,  and  an  adjustable  rheostat 
in  series  with  the  multiplier.  In  some  hot-wire  instruments  the  plate 
on  which  the  wire  is  stretched  is  made  of  a  material  having  the 
same  expansion  coefficient  as  the  wire  itself;  in  this  way  no  stresses 
are  produced  in  the  wire  by  changes  in  temperature  of  the  surround- 
ing air. 

(10)  If  the  instrument  has  a  shunt,  determine  if  the  same  has  a 
negligible  temperature  coefficient,  in  other  words,  if  the  calibration 
of  the  instrument  changes  because  of  the  heating  of  the  shunt. 

(11)  Determine  in  how  far  the  instrument  is  affected  by  stray 
magnetic  fields  and  a  proximity  of  large  iron  masses.  Does  the  iron 
case  of  the  instrument  shield  it  entirely  from  these  influences,  and 
does  it  not  introduce  an  error  by  itself  ? 

(12)  Is  the  instrument  influenced  by  terrestrial  magnetism?  Is 
there  any  means  for  eliminating  this  influence,  for  instance,  by  revers- 
ing the  current  and  taking  an  average  of  the  two  readings  ?    Is  there 
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any  position  of  the  instrument  with  respect  to  the  meridian,  such  that 
the  above  influence  becomes  a  minimum  ? 

(13)  Does  the  instrument  show  an  appreciable  hysteresis  effect, 
so  that  indications  on  increasing  and  decreasing  currents  are  different  ? 

(14)  Is  the  calibration  the  same  on  D.  C.  as  on  A.  C,  and  if  not, 
what  is  per  cent  difference  and  the  cause  of  the  difference  ? 

(15)  Is  the  calibration  affected  by  the  wave-form   of   alternating 
current  ? 


Fig.  49:     A  portable  volt-ammeter  with  several  ranges. 

(16)  What  is  the  energy  consumption  in  the  instrument  itself,  and  how 
does  it  compare  with  that  of  other  instruments  having  the  same  range  ? 

Report.  Describe  the  general  arrangement  of  the  test,  the  construc- 
tion of  the  instruments  used,  and  give  the  calibration  curves.  Also 
answer  for  each  instrument  studied  the  above  16  questions.  Do  not 
repeat  the  questions;  simply  refer  to  them  by  number. 

47.  EXPERIMENT  2-B.  —Study  of  Voltmeters.  —  The  experi- 
ment is  performed  in  the  same  way  as  experiment  2- A. 

48.  Combination  Volt-Ammeters.  — It  is  convenient  in  some  cases 
to  have  a  portable  combination  volt-ammeter  (Fig.  49)  for  all-round 
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testing  purposes,  or  as  a  secondary  standard.  The  ammeter  in  the 
set  shown  in  the  sketch  is  provided  with  six  different  shunts  covering 
the  range  from  25  to  1000  amperes;  the  voltmeter  is  provided  with 
two  multipliers  by  means  of  which  its  original  range  can  be  increased 
two  or  four  times.  Of  course,  it  is  not  necessary  to  have  the  same 
range  in  all  cases;  the  shunts  and  the  multipliers  must  be  selected  so 
that  the  set  would  cover  as  much  as  possible  the  total  range  of  the 
work  for  which  it  is  intended  to  be  used. 

49.   Polyphase   Boards.  — In  many  practical   cases,  especially  in 
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Fio.  60.     A  plugging  arrangement  for  using  one  ammeter,  one  voltmeter,  and  one 
wattmeter  in  several  circuits,  without  interrupting  the  main  current. 

polyphase  work,  it  is  necessary  to  measure  currents  and  voltages  in 
more  than  one  part  of  the  circuit.  At  the  same  time  it  is  not  always 
possible  or  convenient  to  have  a  sufficient  number  of  ammeters  and 
voltmeters.  In  such  cases  so-called  polyphase  boards  may  be  used, 
by  means  of  which  one  ammeter  and  one  voltmeter  may  be  connected 
in  succession  to  several  independent  circuits  or  parts  of  a  circuit.  The 
polyphase  boards  described  below  may  be  used  with  any  number  of 
circuits  up  to  four. 

(a)   Plug-type   board.    The  polyphase   board   shown   in   Fig.  50  is 
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very  convenient  for  laboratory  purposes.  The  line  wires,  in  which 
it  is  desired  to  measure  currents,  are  connected  to  the  terminals  t  and 
«  of  the  hoard.  When  the  plug  P  is  out,  the  circuit  of  each  wire  is 
closed  from  t  to  the  left  socket  s  and  through  the  spring  r  to  the  right 
socket  s.  If  it  is  desired  to  measure  current,  say  in  line  1,  the  plug  P 
is  inserted  in  the  corresponding  receptacles  ss  as  far  as  it  will  go.  The 
pin  p  enters  the  hole  k  and  opens  the  spring  contact  r,  as  shown  by  the 
clotted  lines.  But  before  the  circuit  is  opened  at  r,  it  is  shunted  between 
the  receptacles  ss  through  the  ammeter  Am.  When  the  plug  is  taken 
out,  the  spring  closes  the  circuit  at  r  before  the  ammeter  circuit  is 
opened.  In  this  way  the  line  circuit  is  never  completely  opened,  and 
there  is  no  sparking  at  r  or  fluctuation  of  the  load. 

The  receptacles   t  are  intended  for  two   voltmeter  plugs    Q.     By 
inserting  these  plugs  in  any  two  receptacles,  the  voltage  may  be  meas- 


Fig.  61.     A  controller  for  connecting  an  ammeter  and  a  wattmeter  into  several  lines 
in  succession,  without  opening  the  main  circuit. 

ured  between  any  two  lines  or  phases.  The  same  polyphase  board 
accommodates,  if  necessary,  a  wattmeter.  The  current  winding  of  the 
wattmeter  is  connected  in  series  with  the  ammeter,  the  potential 
winding  in  parallel  with  the  voltmeter.  Inserting  the  plugs  P  and  Q 
automatically  connects  the  ammeter,  the  voltmeter  and  the  watt- 
meter in  the  desired  phases. 

(6)  Controller-type  board.  Another  convenient  device  for  the  same 
purpose  is  shown  in  Fig.  51.  It  is  intended  for  transferring  the  amme- 
ter only  from  one  circuit  to  another.  A  separate  switch  must  be  used 
for  transferring  the  voltmeter,  as  with  the  polyphase  boards  shown 
in  Figs.  52  and  53.  The  device  is  an  ordinary  drum-type  controller; 
the  lines  and  the  ammeter  leads  are  connected  to  stationary  fingers. 
The  revolving  drum  is  provided  with  copper  contacts  which  establish 
the  required  connections  between  any  of  the  lines  and  the  ammeter. 


58 


AMMETERS  AND  VOLTMETERS. 


[Chap.  2 


When  the  pointer  on  the  handle  shows  "  line  1,"  the  ammeter  meas- 
ures the  current  in  this  line;  when  the  handle  is  in  one  of  the  "  0  " 
positions,  all  the  lines  are  connected  direct,  and  the  ammeter  is  out 


Fig.  62.    A  polyphase  board  with  one  multi-throw  switch  for  currents. 


of  the  circuit.    This  type  of  polyphase  board  is  very  convenient  to 
handle,  especially  when  readings  must  be  taken  in  rapid  succession. 
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Fio.  68.  A  polyphase  board  with  three  double-pole  double-throw  switches  for  current*. 

(c)    Boards   with    knife-switches.    The    boards  shown   in   Figs.  52 
and  53  are  not  so  convenient  in  operation  as  the  two  devices  described 
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above,  but  they  can  be  built  with  less  difficulty,  by  using  ordinary 
knife-switches.  The  ammeter  and  the  voltmeter  switches  are  entirely 
separate.  The  lines  are  connected  to  four  pairs  of  terminals  t\9  t2l  t$ 
and  t4.  When  the  switches  Bx,  B2f  B3  and  B4  are  closed,  the  currents 
flow  directly  through  the  lines,  outside  the  ammeter.  To  read  am- 
peres in  phase  1,  throw  the  central  radial  switch  S  (Fig.  52)  in  posi- 
tion 1,  and  open  the  switch  B\.  The  current  from  the  left  terminal 
tx  flows  through  the  left  blade  of  S,  connection  n,  ammeter  Am,  con- 
nection m  and  the  right  blade  S  to  the  right  terminal  t,  and  to  the  line. 
Resistances  r  in  series  with  the  switches  B  are  intended  to  compensate 
for  the  resistance  of  the  ammeter  and  the  leads,  so  that  the  total  resist-, 
ance  of  the  line  remains  the  same,  whether  the  switch  B  is  open  or 
closed. 

The  polyphase  board  shown  in  Fig.  53  differs  from  that  of  Fig.  52 
in  that  the  connections  are  accomplished  in  it  by  three  ordinary  double- 
pole  double-throw  switches  P,  Q  and  R,  instead  of  by  a  special  radial 
switch  S. 

50.  Recording  Instruments.  —  It  is  of  importance  in  power  stations 
to  have  a  continuous  record  of  the  performance  of  electrical  machinery, 
partly  as  data  for  economic  and  engi- 
neering calculations,  partly  as  a  check 
on  station  attendants.  Recording 
ammeters,  voltmeters,  wattmeters, 
etc.,  are  used  for  this  purpose.  The 
record  is  traced  automatically  on  a 
strip  of  coordinate  paper  by  a  pen 
fastened  to  the  end  of  the  pointer 
of  the  instrument.  The  paper  is 
moved  at  a  constant  speed  by  a  clock 
mechanism.  Any  of  the  indicating 
instruments  described  in  §§  36  to  43 
may  be  adapted  to  be  used  as  a 
recording  instrument.  Fig.  54  shows 
a  Bristol  recording  ammeter  based  on 
the  electro-magnetic  principle.  A 
is  the  stationary  coil  through  which 
the  current  to  be  recorded  flows. 
The  magnetic  field  produced  by  the 
coil  attracts  the  soft  iron  disk  B 
which  rests  on  knife-edge  supports 
C  and  D.  The  supports  have  a  lateral  spring  action,  which  opposes 
the  movement  of  the  disk.    The  motion  of  the  disk  B  is  transmitted 


Fig.  64.     The  Bristol  recording 
ammeter. 
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to  the  recording  pen-arm  E,  which  traces  a  record  on  a  sheet  of  paper, 
as  shown  in  Fig.  55.  The  paper  is  driven  by  the  clock  mechanism 
shown  in  the  upper  part  of  the  instrument.  One  revolution  of  the 
paper  may  be  had  in  24,  6  or  even  1  hour,  as  desired. 

Fig.  56  represents  a  recording  ammeter  based   on  the  moving-coil 
principle;  the  ammeter  movement  proper  is  in  the  upper  part,  the 


Fig.  65.     A  24-hour  record  taken  on  a  fluctuating  load. 


recording  drum  and  the  clock  are  underneath.  A  shunt  connected 
into  the  main  line  is  shown  below  the  instrument.  There  are  similar 
instruments  on  the  market,  based  on  the  hot-wire  and  on  the  electro- 
dynamometer  principles. 

The  imperfections  common  to  the  above  recording  meters  are: 
(1)   The  friction  between  the  pen  and  the  paper  impairs  the  accu- 
racy of  the  record;  or  else  it  necessitates  making  instruments  with  a 
high  torque,  consequently  with  a  considerable  power  consumption. 
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(2)  The  clock  must  be  periodically  wound  up. 

(3)  The  records  are  made  either  on  a  circular  sheet  (Fig.  55)  which 
has  to  be  replaced  each  day,  or  on  a  roll  of  paper  with  curved  coordi- 
nates (Fig.  56);  in  either  case  the  records  are  in  a  form  inconvenient 
for  calculations  or  for  the  use  of  a  plani- 
meter. 

These  objections  are  eliminated  in  re- 
cording meters  operating  on  the  "relay" 
principle  and  described  in  the  next  para- 
graph. The  improvement  is,  however, 
obtained  at  a  considerably  increased  cost 
and  complication  of  the  instrument. 

51.  Recording  Meters  Operating  on 
the  Relay  Principle.  —  The  three  above- 
enumerated,  objections  are  eliminated  in 
the  following  way  in  meters  operated  on 
the  relay  principle: 

(1)  The  movement  proper  of  the  meter 
operates  merely  a  set  of  contacts  (Fig.  57) 
which  close  an  auxiliary  circuit.  This  cir- 
cuit energizes  the  solenoids  wrhich  operate 
the  pen;  a  comparatively  large  amount  of 
energy  is  not  objectionable  in  this  case,  nor 
does  friction  in  any  way  impair  the  accu- 
racy and  sensitiveness  of  the  instrument. 

(2)  The  clock  mechanism  which  moves  the  paper  is  made  electri- 
cally self-winding,  say  once 
an  hour,  and  does  not  re- 
quire any  attention. 

(3)  The  recording  pen  is 
made  to  move  across  the 
paper  in  a  straight  line,  and 
the  record  is  obtained  on  a 
continuous  sheet  of  paper 
ruled  with  rectangular  coor- 
dinates. 

A  complete  set  of  record- 
ing instruments  embodying 
these  features  are  built  by 
the  Westinghouse  Electric 
and  Manufacturing  Company.  The  ammeters,  voltmeters  and  watt- 
meters  operate  on   the  dynamometer  principle   used   in  the   Kelvin 


Fig.  66.     A  recording  ammeter 
with  a  moving-coil  mechanism. 


Fig.  57.     A  diagram   of   the   Westinghouse   re- 
cording voltmeter,  showing  the  relay  principle. 
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balance   (Fig.  74);  frequency  meters,  power  factor  meters,  etc.,  are 
built  with  the  same  movement  as  in  the   corresponding   indicating 
instruments  (Figs.  375  and  85). 
A  recording  voltmeter  of  this  type  is  illustrated  in  Fig.  58;  the  details 

of  connections  are  shown 
in  Fig.  57.  The  instru- 
ment has  four  stationary 
coils  and  two  movable 
coils  between  them,  ar- 
ranged exactly  as  in  the 
Kelvin  balance.  The 
movable  part  is  provided 
on  the  left  side  with  a 
contact  arm  which  closes 
one  or  the  other  of  the 
two  contacts  between 
which  it  swings.  The 
auxiliary  D.  C.  source 
is  represented  schemati- 
cally by  a  battery;  the 
two  solenoids  CC  which 
operate  the  pen  are  con- 
nected in  parallel,  and 
each  is  connected  to  one 
of  the  above  mentioned 
contacts.  The  condensers  KK  and  the  resistance  R  are  for  the 
purpose  of  eliminating  sparking  at  the  contacts.  The  leverage  MM 
of  the  pen  is  connected  by  the  spiral  spring  S  to  the  movable  part 
of  the  voltmeter. 

The  six  coils  constituting  the  voltmeter  itself  are  all  connected  in 
series  across  the  circuit  in  which  is  desired  to  record  the  voltage;  VR 
is  the  multiplier.  Suppose  that  the  position  of  the  pen  at  a  certain 
moment  corresponds  exactly  to  the  voltage  of  the  line,  and  both  con- 
tacts are  opened.  If  the  line  voltage  drops,  the  spring  S  overcomes  the 
attraction  between  the  movable  and  the  stationary  coils  and  closes 
the  upper  contact.  A  current  flows  from  the  battery  into  the  left 
solenoid  C,  a  pull  is  exerted  on  the  plunger  P,  and  the  pen  begins  to 
move  to  the  left  tracing  a  record.  The  movement  of  the  pen  reduces 
the  tension  of  the  spring  S;  when  the  pen  arrives  at  the  right  point, 
the  electro-magnetic  pull  between  the  stationary  and  the  moving  coils 
of  the  voltmeter  becomes  just  sufficient  to  overcome  the  tension  of  the 


Fig.  68. 


The  Westinghouse  graphic  recording  volt- 
meter. 
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spring,  and  the  contact  is  broken.    The  pen  remains  in  this  position 
until  a  new  change  in  voltage  occurs. 

In  reality  the  pen  follows  variations  in  voltage  almost  instantane- 
ously. The  pen  (Fig.  58)  is  made  of  glass  and  is  provided  with  a  reser- 
voir of  a  sufficient  size  to  hold  ink  for  a  continuous  record  of  two  months. 
The  quickness  of  motion  of  the  pen  is  regulated  by  two  dash-pots  con- 
nected to  the  moving  coils.  The  sensitiveness  of  the  record  may  also 
be  varied  by  adjusting  the  distance  between  the  contacts.  The  rate 
of  feed  of  paper  may  be  varied  within  certain  limits. 

52.  Recording  Ammeters  for  Rapidly  Fluctuating  Loads.  —  The 
above-described  recording  instruments  are  not  suitable  for  accurately 
recording  rapidly  fluctuating  currents,  such,  for  instance,  as  are  taken 
by  street  cars  during  periods  of  starting  and  accelerating  (Fig.  512). 
Instruments  are  required  in  this  case  which  possess  a  powerful  torque 
combined  with  a  high  rate  of  paper  feed;  in  addition  the  instrument 
must  be  able  to  stand  the  vibrations  of  an  electric  car.  An  ammeter 
of  this  kind  has  been  built  and  successfully  applied  to  car  tests  by  the 
General  Electric  Company.  A  description  of  the  instrument  may  be 
found  in  an  article  by  Mr.  A.  H.  Armstrong,  in  the  Transactions  of 
the  A.  I.  E.  E.,  Vol.  XXII,  p.  689.  Another  arrangement  with  which 
any  ordinary  ammeter  maybe  used  is  shown  in  Fig.  511.  The  device 
is  non-automatic;  the  observer  has  to  follow  the  ammeter  pointer 
with  a  handle  which  traces  the  record.* 

53.  EXPERIMENT  2-C.  —Study  of  Recording  Instruments.  — 

Different  types  of  recording  instruments  are  described  in  §§  50  to  52. 
The  points  to  be  investigated  are: 

(1)  Construction  of  the  indicating  and  of  the  recording  parts. 

(2)  Promptness  of  response  to  sudden  fluctuations. 

(3)  Pen  friction  and  its  influence  on  the  sensitiveness  of  the  instru- 
ment. 

(4)  Character  of  the  scale  of  the  record. 

Report.  State  your  findings  and  explain  how  you  would  figure  out 
the  average  current  or  the  average  voltage,  if  the  record  has  curved 
coordinates  as  in  Fig.  55. 

*  See  also  Ashe  and  Keiley,  Electric  Railways,  pp.  48  and  50. 


CHAPTER  III. 
AMMETERS  AND  VOLTMETERS— CALIBRATION. 

54.  Primary  and  Secondary  Standards.  —  The  absolute  values  of 
the  ampere,  volt  and  ohm  are  established  by  an  international  agree- 
ment, and  primary  standards  of  these  quantities  are  maintained  by 
the  respective  governments  —  in  this  country  by  the  Bureau  of  Stand- 
ards of  the  Department  of  Commerce  and  Labor.  Whatever  the 
theoretical  reasons  are  for  the  selection  of  certain  values  as  units, 
for  practical  purposes  they  are  as  arbitrary  as  the  standard  inch  or 
the  pound.  The  industry  merely  demands  that  the  units  be  of  a  con- 
venient size  and  easily  reproducible  with  a  sufficient  accuracy. 

It  is  not  necessary  to  have  primary  standards  of  all  the  three  quan- 
tities —  the  volt,  the  ampere  and  the  ohm.  According  to  Ohm's 
law,  when  two  of  these  are  known,  the  third  is  represented  by  their 
product  or  ratio.  The  unit  of  resistance,  or  the  international  ohm. 
is  officially  denned  as  being  represented  by  the  resistance  of  a  column 
of  mercury  of  a  certain  length  and  mass,  and  at  a  specified  tempera- 
ture. The  international  ampere  is  defined  as  the  current  which  deposits 
in  one  second  of  time  a  specified  quantity  of  silver  out  of  a  solution  of 
nitrate  of  silver,  under  certain  definite  conditions.  As  a  consequence, 
the  international  volt  is  the  e.m.f.  which,  being  applied  at  the  termi- 
nals of  a  standard  ohm,  produces  in  it  a  current  equal  to  one  ampere 
(an  act  of  July  12,  1894). 

The  mercury  ohm  and  the  electro-chemical  ampere  are  standards 
hardly  suitable  for  practical  purposes.  Secondary  standards  are 
therefore  used  in  practice,  calibrated  to  these.  The  most  popular 
secondary  standards  are:  Resistances  made  of  wire  or  strip,  and 
standard  cells  for  producing  known  e.m.f's.  Current  is  determined 
either  as  the  ratio  of  volts  to  ohms,  or  standard  ampere  balances  are 
used  (§72). 

The  calibration  of  ammeters  and  voltmeters  with  a  standard  cell 
requires  rather  delicate  and  complicated  arrangements  and  allows 
of  an  accuracy  not  needed  for  many  practical  purposes.  In  places 
where  many  instruments  must  be  calibrated  in  a  comparatively  short 
time,  and  extreme  accuracy  is  not  required,  it  is  customary  to  use 
good  ammeters  and  voltmeters  as  intermediate  standards;  they  are 
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checked  from  time  to  time  with  the  primary  standards  kept  in  the 
laboratory.  We  shall  first  describe  simple  calibrations  by  means  of 
intermediate  standards,  and  then  give  the  methods  for  checking  the 
standard  instruments  themselves. 

55.  Calibration  of  D.  C.  Ammeters  with  a  Standard  Milli-Volt- 
meter  and  a  Shunt.  —  Standard  D.  C.  instruments  are  invariably  of  the 
moving-coil  type,  because  of  the  accuracy  and  sensitiveness  of  this  con- 
struction.    As  was  explained  in  §  38  ammeters  based  on  this  principle 
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Fig.  59.  Calibration  of  ammeters  with  a  standard  shunt  and  a  standard  milli-voltmeter. 

are  in  reality  milli-voltmeters  which  measure  voltage  drop  across  a  shunt 
(Fig.  35).  Therefore,  a  standard  milli-voltmeter  and  a  set  of  standard- 
ized shunts  covering  the  required  range  of  currents  is  all  that  is  necessary 
for  calibrating  D.  C.  ammeters  (Fig.  59).  The  ammeters  to  be  cali- 
brated are  connected 
J^^^^^^^  t°  a  steady  source  of 

direct  current  in  series 
with  a  standard  shunt 
and  the  regulating  re- 
sistance R.  A  stand- 
ard milli-voltmeter  is 
connected  across  the 
terminals  of  the  shunt. 
The  current  is  ad- 
justed to  a  desired 
value,  and  the  am- 
meters and  the  milli- 
_  voltmeter     are     read 

„     ^     m    m  „       .         , ,  simultaneouslv;  the 

Fig.  60.     The  Weston  standard  semi-portable  voltmeter  .  . 

(or  milli-voltmeter).  current  is  changed,  new 

readings  taken,  etc. 
A  standard  milli-voltmeter  for  accurate  calibration  is  shown  in  .Fig. 
60;  it  is  similar  to  ordinary  portable  instruments,  but  is  several  times 
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larger  and  has  a  scale  shown  in  Fig.  61.  With  this  scale  parts  of  divi- 
sions may  be  read  much  more  accurately  than  with  an  ordinary  scale, 
such,  for  instance,  as  in  Fig.  33.  The  calibration  of  the  instrument 
depends  to  a  slight  degree  upon  its  temperature;  a  thermometer  is 
provided  on  the  base  of  the  instrument  so  that  the  necessary  correction 


Fig.  61.     The  precision  scale  used  in  Weston  standard  instruments. 

may  be  taken  into  account.  The  scale  is  provided  with  a  mirror  (Fig. 
61);  in  taking  readings  the  observers  eye  must  be  in  such  a  position 
that  the  end  of  the  pointer  is  seen  to  cover  its  image  in  the  mirror. 

The  results  of  the  calibration  are  given  either  in  the  form  of  a  table, 
or  a  curve  is  plotted  giving  true  amperes  to  actual  readings  as  abscissae. 
Some  prefer  to  plot  calibration  curves  in  the  form  shown  in  Fig.  62, 


Fig.  62.     Calibration  curve  of  an  instrument. 

instead  of  true  readings,  corrections  only  are  given,  in  scale  divisions 
or  in  per  cent. 

If  a  wide  range  of  amperes  is  to  be  covered,  one  shunt  is  not  suffi- 
cient. Suppose,  for  instance,  that  the  milli- voltmeter  gives  a  full 
scale  deflection  with  a  current  of  1000  amperes  flowing  through  the 
shunt.  With  100  amperes  the  deflection  will  be  only  10  per  cent  of 
the  scale;  it  is  hardly  advisable  to  go  below  this,  as  the  accuracy  of  the 
readings  is  impaired.  Thus  below  100  amperes  another  shunt  of  ten 
times  the  resistance  is  required;  it  will  give  a  full  scale  deflection  at 
100  amperes  and  may  be  used  down  to  10  amperes.  The  next' shunt 
will  serve  from  10  to  1  amperes,  etc. 

Not  only  ammeters,  but  milli-voltmeters  and  shunts  may  be  cali- 
brated in  a  similar  way.  To  calibrate  a  shunt,  connect  it  in  series 
with  a  standard  shunt    (Fig.  59)  and  measure  the  voltage  drop  'with 
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a  calibrated  milli-voltmeter,  first  across  the  standard  shunt,  and  then 
across  the  shunt  to  be  calibrated.  If  the  line  current  is  constant, 
the  ratio  of  readings  will  give  the  ratio  of  resistances  of  the  two  shunts. 
An  ammeter  should  be  kept  in  the  circuit  to  be  sure  that  the  current 
remains  unchanged  between  readings.  It  is  well  to  use  a  double- 
throw  switch  with  mercury  contacts  when  changing  the  milli-voltmeter 
from  one  shunt  to  the  other;  ordinary  knife-switches  have  an  appreci- 
able contact  resistance,  which  may  vitiate  the  results. 

To  calibrate  a  milli-voltmeter  it  is  connected  across  a  shunt  in  parallel 
with  a  standard  milli-voltmeter,  and  simultaneous  readings  are  taken 
on  both  instruments. 

56.  EXPERIMENT  3-A.  —Calibrating  D.  C.  Ammeters  with 
a  Milli- Voltmeter  and  a  Shunt.  —  The  method  is  explained  in  the  pre- 
ceding paragraph.  Connect  several  ammeters  as  in  Fig.  59  and  cali- 
brate them  throughout  their  range.  Then  calibrate  a  shunt;  give  its 
temperature  correction,  if  any.  Calibrate  a  milli-voltmeter;  see  if  the 
length  of  the  leads  and  the  presence  of  a  switch  in  the  circuit  influence 
the  indications. 

Report  some  of  the  results  in  the  form  of  curves  showing  true  amperes 
to  actual  readings  as  abscissae;  other  results  in  the  form  of  correction 
curves,  as  in  Fig.  62. 

57.  EXPERIMENT  3-B.  —  Calibrating  A.  C.  Ammeters  with 
Intermediate  D.  C.  —  A.  C.  Standards.  —  Hot-wire  and  dynamometer- 
type  ammeters  (§§  40  and  41)  may  be  calibrated  with  direct  current,  as 
in  Fig.  59,  and  used  with  alternating  currents.  One  precaution  neces- 
sary when  using  an  electro-dynamometer  on  direct  current  is  to  eliminate 
the  influence  of  the  terrestrial  magnetism  on  the  moving  coil.  This 
influence  is  reduced  to  a  minimum  by  placing  the  moving  coil  in  a  plane 
perpendicular  to  the  magnetic  meridian.  It  is  also  well  to  take  readings 
with  the  same  current  flowing  through  the  instrument  in  both  direc- 
tions and  to  average  the  two  deflections.  Precision  dynamometers 
are  made  astatic,  that  is  to  say,  they  have  two  stationary  and  two 
moving  coils,  one  system  above  the  other.  The  direction  of  the  cur- 
rents is  such  that  the  influence  of  the  terrestrial  magnetism  is  cancelled. 

Soft-iron  and  induction-type  ammeters  (§§  36  and  42)  must  be  cali- 
brated with  currents  of  the  same  frequency  for  which  the  instrument  is 
intended  to  be  used.  If  an  accurate  A.  C.  standard,  such  as  a  Kelvin 
balance  or  a  precision  dynamometer,  is  not  available,  the  instruments 
may  be  calibrated  by  using  intermediate  D.  C.-A.  C.  standards  (Fig. 
63).  Hot-wire  instruments  are  particularly  well  adapted  to  be  used 
as  intermediate  standards.    The  double-pole  double-throw  switch  S  is 
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first  thrown  to  the  left,  and  the  hot-wire  instrument  C  is  calibrated 
with  the  direct  current  standard  instrument  A.    Then  the  switch  is 
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Fig.  63.     Calibration  of  an  alternating-current  ammeter  by  means  of  an  intermediate 

A.C.  — D.C.  instrument. 

thrown  to  the  right  and  the  instrument  B  is  calibrated  with  C,  using 
alternating  current.     It  is  important  that  the  hot-wire  instrument 
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Fig.  64.     Calibration  of  voltmeters. 


should  preserve  its  zero  during  the  test;  it  may  be  set  to  zero  by  the 
regulating  screw  S  (Fig.  41). 

58.  EXPERIMENT  3-C.  —Calibrating  D.  C.  Voltmeters  with 
a  Standard  Voltmeter. — The  connections  are  shown  in  Fig.  64;  the 
voltmeters  Vi,V2l  Vz,  etc.  are  connected  in  parallel  between  two  bus- 
bars A-m  and  b-n.  The  terminals  a  and  c  of  a  high-resistance  rheostat 
are  connected  across  the  source  of  supply;  by  means  of  the  sliding  arm 
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H  connected  to  b,  any  part  of  the  total  line- voltage  may  be  applied  at 
the  terminals  of  the  voltmeters.  When  H  is  in  position  a,  the  pres- 
sure between  m  and  n  is  =0;  when  H  is  in  the  position  c,  the  total 
line-voltage  is  applied  between  m  and  n.  One  of  the  voltmeters 
is  a  standard  instrument  with  which  the  others  are  to  be  compared. 
An  ordinary  embedded-type  field  rheostat  is  convenient  for  use  as  a 
voltage  regulator.  It  usually  has  only  two  terminals  a  and  b;  it  is 
easy  to  solder  to  it  a  third  terminal  c. 

Calibrate  the  voltmeters  with  and  without  multipliers;  see  if  the 
instruments  themselves  or  the  multipliers  have  an  appreciable  tem- 
perature coefficient.     Plot  calibration  curves  as  specified  in  }  56. 


Fio.  66b    The  Leeds  &  Northrup  comparator,  for  accurate  measurement  of  alternat- 
ing currents  and  voltages. 

59.  EXPERIMENT  3-D.  —Calibrating  A.  C.  Voltmeters  with  an 
Intermediate  D.  C.  —  A.  C.  Standard.  — The  arrangement  of  the  test 
is  similar  to  that  of  §  57,  except  that  the  instruments  to  be  calibrated 
are  connected  in  parallel  as  in  Fig.  64. 

60.  Leeds  and  Northrup  Comparator.  —  To  avoid  the  necessity  of 
using  an  intermediate  standard,  as  in  Fig.  63,  Dr.  E.  F.  Northrup 
devised  an  ingenious  comparator  shown  diagrammatically  in  Fig.  66. 
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By  means  of  it  any  A.  C.  ammeter  or  voltmeter  may  be  calibrated 
directly  with  a  D.  C.  standard.  The  comparator  is  essentially  a  differ- 
ential hot-wire  instrument,  which  shows  zero  when  the  alternating  and 
the  direct  currents  to  be  compared  are  equal. 

Two  identical  wires  a  and  b  are  stretched  between  the  bases  C  and  D 
and  have  a  small  mirror  M  fastened  to  them.  A  spring  s  pulls  the  wires 
backward,  and  keeps  them  taut.  When  a  current  is  sent  through  one 
of  the  wires,  that  wire  is  heated  and  slackens;  the  spring  s  deflects  the 
mirror,  and  the  deflection  is  read  by  means  of  a  telescope  and  a  scale, 
as  with  an  ordinary  galvanometer.  If  the  same  current  flows  simul- 
taneously through  both  wires,  they  recede  by  the  same  amount,  and 
the  mirror  continues  to  show  zero. 

The  actual  zero  of  the  instrument  is  determined  by  sending  a  direct 
current  through  both  wires  connected  in  series.  Then  an  alternating 
current  is  sent  through  the  wire  to  the  right  and  the  A.  C.  ammeter  to 
be  calibrated.  A  direct  current  is  sent  through  the  other  wire  and  the 
standard  ammeter.  By  regulating  the  rheostats  R\  and  R2,  the  values 
of  the  currents  are  adjusted  until  the  mirror  comes  back  to  zero.    Then 

the  currents  flowing  through  the  two  am- 
meters are  equal  to  each  other.  For  the  sake 
of  simplicity,  total  currents  are  shown 
flowing  through  the  hot  wires.  In  reality 
shunts  are  used  on  both  sides,  so  that  only 
a  small  part  of  total  currents  passes  through 
the  comparator.  The  same  comparator  pro- 
vided with  suitable  multipliers  may  be  used 
for  calibrating  A.  C.  voltmeters. 

61.  Duddell  Thermo-Galvanometer. — 
For  a  long  time  there  has  been  felt  the  need 
of  an  instrument  for  measuring  small  alter- 
nating currents  with  the  same  accuracy  with 
which  small  direct  currents  are  measured 
with  moving-coil  galvanometers.  In  §  37 
it  is  explained  that  moving-coil  instruments 
cannot  be  used  on  alternating  currents 
because  of  the  unidirection  effect  of  the 
permanent  magnet.  Mr.  Duddell  ingen- 
iously combined  the  moving-coil  and  the 
hot-wire  principles  (Fig.  66)  and  obtained 
extremely  sensitive  A.  C.-D.  C.  instru- 
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Fig.  66.    The    Duddell  ther- 

ino  -galvanometer. 

ment  with  a  wide  range.     The  alternating  current  to  be  measured  is 
sent  through  a  resistance  or  the  "heater"  shown  on  the  bottom.*   The 
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heat  of  the  current  affects  the  thermal  junction  Bi-Sb  (bismuth- 
antimony)  which  produces  a  direct  current  in  the  loop  C.  The  same 
is  deflected  by  the  permanent  magnet  NS  against  the  torsion  of  the 
quartz  fiber  Q.  The  sensibility  of  the  instrument  depends  upon  the 
resistance  of  the  heater  and  upon  its  distance  from  the  thermal  junc- 
tion. The  instrument  can  evidently  be  calibrated  with  direct  current 
and  used  with  alternating  currents.  There  is  no  doubt  that  this  thermo- 
galvanometer  will  become  of  importance  in  measuring  high  frequency 
A.  C.  currents,  notably  in  wireless  telegraphy,  telephone  transmission, 
X-ray  tubes,  etc.  The  instrument  is  well  suited  to  be  used  as  an  inter- 
mediate D.  C.-A.  C.  standard. 

62.  Standard  Cells.  —  Standard  voltmeters  and  milli-voltmeters 
used  for  calibration,  as  described  in  §§55  and  58,  are  sufficiently  accu- 
rate for  most  practical  purposes,  provided  they  are  periodically  com- 
pared to  a  primary  standard  of  e.m.f.  The  so-called  "standard " 
cells,  which  are  special  primary  batteries,  are  used  at  present  for  repre- 
senting the  normal  value  of  the  volt. 

The  standard  cell  used  at  present  is  the  Weston  cadmium  cell;  its 
construction  and  chemical  composition  are  shown  in  Fig.  67.  There 
are  two  forms  of  cadmium  cell,  in  one  of  which  the  cadmium  sulphate 
solution  contains  solid  crystals  of  cadmium  sulphate  —  this  cell  is 
known  as  the  saturated  form.  The  other  form,  in  which  the  solution  is 
saturated  at  4  degrees  C,  is  called  the  unsaturated  form.  It  has  prac- 
tically no  temperature  coefficient.  The  normal  value  of  the  e.m.f.  of 
this  cell  is  1.01985  volt,  at  any  temperature  between  10  degrees  C.  and 
35  degrees  C.  The  saturated  form  has  a  slight  temperature  coefficient; 
its  electromotive  force,  at  any  temperature,  is  given  by  Jaeger  as: 

1.0186  -  0.000038  (t  -  20  degrees)  -  0.00000065  (t  -  20  degrees)2 
volts. 

The  unsaturated  form  is  not  so  reliable  for  extremely  accurate  scientific 
research,  as  the  standard  form;  but  it  is  sufficiently  accurate  and  more 
convenient  for  ordinary  engineering  work.  With  some  skill  and  experi- 
ence, a  standard  cell  may  be  constructed  with  comparatively  simple 
means  at  hand.  For  detailed  specifications  of  materials  and  for  other 
instructions  see  a  paper  by  Profs.  Carhart  and  Hulett  in  the  Transac- 
tions of  the  International  Electrical  Congress,  St.  Louis,  1904,  Vol.  II, 
p.  109. 

Previous  to  the  introduction  of  the  Weston  cadmium  cell,  the  Clark 
standard  cell  was  universally  used.  It  differs  from  the  Weston  cell  in 
that  zinc  is  used  instead  of  cadmium.  The  e.m.f.  of  the  Clark  cell  is 
1.434  volt  at  15  degrees  C;  it  decreases  by  0.00115  volt  for  each  1 
degree  C.  increase  in  temperature,  between  the  limits  of  10  degrees  and 
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25  degrees.  Prof.  Carhart  improved  the  Clark  cell  by  saturating  the 
solution  of  zinc  sulphate  at  0  degree  C.  The  e.m.f.  of  the  Carhart- 
Clark  cell  is  1.440  volt;  its  temperature  coefficient  is  about  half  of  that 
of  the  Clark  cell. 

A  very  important  precaution  should  be  observed  in  handling  stand- 
ard cells  not  to  draw  any  appreciable  current  from  them.     The  cell 


I  tKimium 

Amalgam 

^Solld) 


Mercury  Cement 

Fi<;.  67.     Cross-section  of  a  Weston  standard  cell. 

becomes  polarized  almost  instantly,  and  it  is  doubtful  if  it  ever  suffi- 
ciently recovers,  to  be  reliable  as  a  standard.  The  Weston  cell  should 
never  be  closed  on  a  resistance  of  less  than  10,000  ohms,  a  greater  resist- 
ance being  preferable. 
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63.  Principle  of  the  Potentiometer.  —  Instruments  by  means  of 
which  voltages  are  measured  in  comparison  with  a  standard  cell  are 
called  potentiometers  (Figs.  68  and  69).  They  are  used  for  very  accu- 
rate measurements  of  currents,  -voltages  and  resistances  and  for  cali- 
bration  of   the    corresponding  instruments.     With   a   potentiometer, 
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Fio.  68.       The  potentiometer  principle  of  comparing  voltages. 


voltages  from  a  fraction  of  a  millivolt  to  several  thousand  volts  can 
be  accurately  compared  to  the  e.m.f.  of  a  standard  cell,  and  currents 
measured    from  a  small  fraction  of  an  ampere  to    many  thousand 
amperes. 
The  ordinary  potentiometer  connections  are  shown  in  Fig.  68;  for 
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a  clear  understanding  of  the  principle  involved  the  student  should 
keep  in  mind  two  points: 

(a)  The  standard  cell  balances  the  unknown  voltage,  but  is  not 
used  as  a  source  of  current. 

(b)  The  "zero  "  method  is  used  so  that  it  is  not  necessary  to  know 
the  galvanometer  constant. 

A  slide-wire  ST  is  connected  in  series  with  one  or  two  storage  cells 
Ba.  and  a  regulating  rheostat  K;  a  constant  current  is  thus  established 
in  ST,  Any  desired  voltage  drop  may  be  had  between  the  contacts 
C  and  D  by  moving  them  along  the  slide-wire,  or  by  regulating  the 
rheostat  K.  The  contact  C  is  for  crude  regulation,  D  for  fine  regula- 
tion. The  drop  between  C  and  D  is  balanced  against  the  standard 
cell  and  against  the  unknown  e.m.f .  in  succession.  A  balance  is  recog- 
nized by  the  galvanometer  needle  returning  to  zero.  The  ratio  of  the 
lengths  C-D  in  the  two  cases  is  equal  to  the  ratio  of  the  e.m.f. 's  under 
comparison,  provided  the  current  in  ST  remains  constant.  By  means 
of  the  double-throwT  switch  L  connections  are  conveniently  changed 
from  the  standard  cell  to  the  unknown  e.m.f.,  and  back. 

In  order  to  make  the  arrangement  direct-reading,  the  contacts  C  and 
D  are  set  beforehand  so  as  to  balance  the  voltage  of  the  standard  cell 
at  the  proper  divisions  of  the  scale  —  in  case  of  the  Weston  cadmium 
cell  about  1.02  volt.  (See  §  62.)  The  switch  L  is  thrown  to  the 
left,  and  the  rheostat  K  adjusted  until  the  galvanometer  returns  to 
zero.  Then  the  switch  is  thrown  to  the  right,  and  the  galvanometer 
balance  again  obtained  by  shifting  C  and  D.  With  the  position  shown 
in  the  sketch,  the  unknown  voltage  is  0.620  volt. 

The  potentiometer  scale  usually  has  a  range  of  1.5  volt  so  that  only 
voltages  below  this  limit  can  be  directly  compared  to  that  of  a  stand- 
ard cell.  For  voltages  above  1.5  volt  a  multiplier,  or  the  so-called 
"  volt-box,"  is  used,  shown  on  the  bottom  of  the  sketch.  It  consists 
of  a  high  resistance  with  one  or  more  taps  at  a  known  part  of  it,  say 
1/10,  1/100,  etc.  The  unknown  e.m.f.  is  connected  across  the  ter- 
minals m  and  n;  the  terminals  p  and  q  are  connected  to  the  terminals 
BB  of  the  potentiometer.  Let,  for  instance,  the'unknown  voltage  be 
about  110  volts  and  the  resistance  between  p  and  q  be  1/100  of  the  total 
resistance  of  the  volt-box.  Then  the  voltage  drop  across  pq  is  only 
about  1.1  volt  and  can  be  directly  compared  to  the  e.m.f.  of  the  stand- 
ard cell.  Multiplying  the  result  by  100  wre  get  the  actual  unknown 
voltage. 

64.  EXPERIMENT  3-E.  —  Study  of  a  Simple  Potentiometer.  — 
Before  attempting  to  use  the  accurate  and  delicate  potentiometers  it  is 
desired  that  the  student  make  clear  to  himself  the  working  principle  of 
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the  potentiometer,  according  to  the  simple  diagram  shown  in  Fig.  68. 
A  German-silver  wire  stretched  along  a  uniform  scale  may  be  used  as 
the  slide-wire;  ordinary  voltmeter  leads  with  knife-edge  terminals  for 
contacts  C  and  D. 

(a)  Connect  the  circuits  as  shown  in  Fig.  68  and  practice  in  com- 
paring two  e.m.f.'s  small  enough  to  be  within  the  range  of  the  slide- 
wire.  It  is  not  necessary  to  use  a  standard  cell;  any  dry  cell  of  which 
the  e.m.f.  has  been  previously  determined  will  serve  the  purpose. 

(b)  Arrange  the  connections  for  measuring  amperes  by  means  of  a 


Fig.  69.     The  Leeds  &  Northrup  potentiometer. 


standard  shunt   (Fig.  59);  use  the  potentiometer  in  place  of  a  milli- 
voltmeter. 

(c)  Compare  two  resistances  by  measuring  the  drop  at  their  ter- 
minals (Fig.  2). 

(d)  Finally  improvise  a  volt-box  and  make  clear  to  yourself  the 
method  of  measuring  voltages  beyond  the  range  of  the  slide-wire. 

65.  Leeds  and  Northrup  Potentiometer.  —  A  convenient  form  of 
potentiometer  for  ordinary  engineering  work  is  the  Leeds  and  Northrup 
instrument  (Fig.  69).  The  connections  are  shown  in  Fig.  70;  the 
same  notations  are  used  as  in  Fig.  68.  The  larger  portion  SO  of  the 
slide- wire  is  replaced  by  15  five-ohm  resistance  coils  in  series,  with 
their  terminals  connected  to  contact  buttons.  This  arrangement 
permits  of  having  a  considerable  resistance  without  increasing  the  size 
of  the  instrument.  The  dial  and  the  handle  corresponding  to  the  con- 
tact C  are  visible  in  Fig.  69  behind  the  switches.    The  part  of  the 
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slide-wire  between  0  and  T  is  wound  on  a  marble  cylinder  and  is  about 
16  feet  long,  its  resistance  being  exactly  5  ohms.  The  contact  D  is 
mounted  inside  of  an  aluminum  hood  and  moves  up  and  down  with 
the  hood  as  it  turns  on  a  heavy  screw  projecting  from  the  center  of 
the  marble  cylinder.  The  slide-wire  makes  10  turns  on  the  cylinder, 
so  that  each  turn  corresponds  to  0.01  volt.  It  is  easy  to  read  on  the 
circular  scale  at  least  1/100  of  a  turn,  so  that  voltages  can  be  accurately 
read  down  to  0.0001  volt  or  1/10  millivolt. 

For  measuring  very  low  voltages  a  10  times  greater  accuracy  may 
be  obtained  by  introducing  the  shunt  10 :  1  (Fig.  70);  this  is  done  by 
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Fig.  70.     Diagram  of  connections  of  the  Leeds  &  Northrup  potentiometer. 

changing  the  plug  shown  to  the  left,  from  the  hole  1,  to  that  marked 
0.1;  the  plug  and  the  receptacles  are  clearly  seen  in  Fig.  69.  The 
resistance  of  the  shunt  and  that  of  R  bear  such  a  ratio  that  when  the 
shunt  is  applied,  the  voltage  drop  across  the  circuit  SOT  is  reduced 
10  times,  provided  the  battery  current  remains  the  same.  This  gives 
the  potentiometer  a  range  from  0.15  volt  to  0.00001  volt,  or  1/100 
millivolt.  The  connections  to  the  standard  cell  and  to  the  unknown 
e.m.f .  are  similar  to  those  shown  in  Fig.  68.  The  switch-key  V  in  the 
galvanometer  circuit  has  three  positions;  in  the  two  left  positions  some 
protective  resistance  is  connected  in  series  with  the  galvanometer. 
This  is  to  prevent  violent  deflections  of  the  galvanometer  before  the 
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balance  is  obtained,  and  also  to  protect  the  standard  cell  against  exces- 
sive currents  which  might  polarize  it. 

The  connections  are  such  that  the  contacts  C  and  D  are  used  for 
obtaining  balance  with  the  unknown  e.m.f .  only,  but  not  when  adjust- 
ing the  current  —  this  being  done  by  means  of  the  resistance  -K.  It 
will  be  seen  from  the  sketch,  that  the  standard  cell  is  connected  between 
the  point  .5  of  the  potentiometer  resistance  and  the  sliding  contact 
on  the  dial  to  the  left,  marked  "  Temp."  (temperature).  The  e.m.f. 
of  the  Weston  cell  being  about  1.02  volt,  the  resistances  connected 
to  this  dial  permit  the  operator  to  set  the  potentiometer  exactly  at 
the  certified  e.m.f.  of  the  cell,  taking  into  account  small  variations  de- 
pending on  temperature  or  any  other  causes  (§  62). 

By  throwing  the  switch  L  to  the  left  the  balance  is  obtained  by  regu- 
lating K,  with  any  position  of  C  and  D.  This  is  the  distinctive  feature 
(if  the  Leeds  and  Northrup  potentiometer,  and  has  the  following  advan- 
tage: Suppose  the  resistance  if  to  be  adjusted  so  as  to  give  a  balance 
witfc  the  standard  cell,  the  connections  being  as  in  Fig.  68.  Now  the 
Bwitch  L  is  thrown  to  the  right,  and  a  new  balance  obtained  by  moving 
C  and  D.  In  the  meanwhile  the  battery  current  might  have  changed; 
in  order  to  check  this,  it  is  necessary  to  set  C  and  D  back  into  the  posi- 
tion corresponding  to  the  e.m.f.  of  the  standard  cell,  and  to  throw  the 
switch  L  to  the  left.  This  means  setting  C  and  D  every  time  anew, 
and  losing  the  previous  setting;  also  a  loss  of  time.  With  the  circuits 
shown  in  Fig.  70  the  setting  of  C  and  D  may  be  left  intact,  and  the 
battery  current  checked  by  throwing  L  to  the  left  and  pressing  the 
galvanometer  button. 

66.  Checking  Potentiometer  Resistances.  —  Provision  is  made  in 
the  potentiometer  shown  in  Fig.  70  for  checking  the  resistances  of  the 
dial  and  of  the  slide-wire.  The  coils  in  the  series  SO  are  each  five  ohms, 
and  between  each  there  is  a  brass  block  with  a  reamed  hole  (Fig.  69). 
A  pair  of  flexible  cords,  witE  taper  plug  terminals  to  fit  the  reamed 
holes,  is  furnished.  These  coils  can  be  measured  with  an  ordinary 
Wheatstone  bridge  and  thus  compared  with  each  other  to  a  high  degree 
of  accuracy  even  if  the  bridge  is  not  accurate.  For  potentiometer 
work  the  essential  point  is  that  they  should  be  like  each  other,  not  that 
they  should  be  accurately  any  particular  value.  In  the  same  way  the 
resistance  of  the  extended  wire  can  be  compared  with  the  resistances 
of  the  coils  in  SO  and  should  be  found  exactly  equal  to  them.  The 
heavy  connector  leading  out  to  the  binding  post  marked  "  Bridge  "  is 
provided  for  this  purpose;  also  that  the  extended  wire  may  be  used  by 
itself  as  a  Kohlrausch  bridge  (Fig.  16). 
The  calibration  of  the  extended  wire  OT  on  the   cylinder  may  be 
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checked  against  the  dial  resistances  SO  by  converting  the  potentio- 
meter itself  into  a  Wheatstone  bridge.  To  do  this,  short-circuit  the 
two  outside  upper  binding  posts  with  a  heavy  copper  connector,  not 
smaller  than  No.  10  B.  &  S.;  also  short-circuit  the  terminals  BB  and 
throw  L  to  the  right.  Connect  the  battery  between  the  terminals 
marked  "  Ba  "  and  "Bridge."  The  contacts  C  and  D  form  one  junc- 
tion of  the  two  arms  on  each  side  of  the  bridge  with  the  galvanometer 
between,  while  the  posts  "  Bridge  "  and  "  Ba  "  form  the  second  junc- 
tion with  the  battery  between.  On  one  side  there  are  16  equal  resist- 
ances of  5  ohms  each,  the  resistance  of  the  temperature  dial  being 
supplemented  with  an  extra  resistance,  so  as  to  make  it  exactly  5  ohms. 
If  the  extended  wire  be  read  in  its  1000  parts,  each  of  the  16  coils  of 
the  potentiometer  circuit  will  be  equal  to  ^  of  1000  or  62.5  divisions 
when  balanced  against  the  wire. 

67.  Directions  for  Using  Leeds  and  Northrup  Potentiometer.  — 
In  view  of  the  popularity  of  the  above-described  potentiometer,  it  was 
deemed  advisable  to  reprint  here  the  explicit  directions  for  its  use,  as 
given  by  the  makers. 

Setting  up.  —  All  connections  must  be  made  as  indicated  by  the 
stamping  on  the  potentiometer.  Particular  attention  must  be  given 
to  the  polarity  of  the  standard  cell,  battery  and  e.m.f.,  the  correspond- 
ing +  and  -  signs  being  marked. 

If  used  with  a  wall  galvanometer  having  a  telescope  and  scale,  it  will 
be  found  convenient  to  place  the  potentiometer  so  that  the  telescope 
is  directly  over  the  glass  index  of  the  extended  wire,  thus  permitting 
the  observer  to  read  the  galvanometer  deflections  and  potentiometer 
settings  without  change  of  position. 

Potentiometer  current.  —  A  medium-sized  storage  cell  will  be  found 
advantageous,  producing  a  steady  current.  Errors  of  measurement 
are  frequently  made  by  using  an  unsteady  source  of  e.m.f.  - 

Setting  for  standard  cell.  —  Set  the  standard  cell  switch  to  corre- 
spond with  the  certified  e.m.f.  of  the  standard  cell,  as  given  in  its  cer- 
tificate. Place  plug  in  hole  1,  and  see  that  it  is  always  in  this  position 
when  checking  against  the  standard  cell.  Place  the  double-throw  switch 
at  Std.  Cell.  The  switch-key  should  be  at  the  left  of  the  three  contacts 
marked  RES.,  RES.  and  O,  so  as  to  include  the  greatest  extra  resist- 
ance in  series  with  the  galvanometer.  This  precaution  is  always  to 
be  taken  before  the  final  balance  is  obtained  to  prevent  any  violent 
deflections  of  the  galvanometer. 

Adjust  the  regulating  rheostat  until  the  galvanometer  shows  no 
deflection.  The  final  galvanometer  reading  should  be  taken  with  the 
switch-key  at   zero,  so  as  to  remove  the  series  resistance  and  thus 
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increase  the  sensibility.  The  middle  "  RES."  contact  can  be  used  as 
an  intermediate  point  of  contact  as  the  galvanometer  balance  is 
approached. 

Measurement  of  unknown  e.m.f.  —  The  potentiometer  gives  direct 
readings  for  voltages  up  to  and  including  1.6  volt,  therefore  no  vol- 
tage exceeding  this  amount  must  be  connected  to  the  e.m.f.  posts  of  the 
instrument.  For  voltages  higher  than  the  direct  range  of  the  instru- 
ment, a  volt-box  or  multiplier  must  be  used. 

The  standard  cell  balance  having  been  obtained  as  described  under 
'  Setting  for  Standard  Cell,"  proceed  as  follows: 

Place  the  double-throw  switch  in  position  E.M.F.  and  the  galvano- 
meter key  to  the  left  of  the  contacts  so  as  to  again  include  the  highest 
series  resistance.  The  balance  for  the  unknown  e.m.f.  is  now  obtained 
by  manipulating  the  tenths  switch  and  rotating  the  contact  on  the 
extended  potentiometer  wire.  The  final  position  of  the  two  contacts 
in  conjunction  with  the  position  of  the  plug  at  left  of  instrument  indi- 
cates the  voltage  under  test  as  described  later. 

Plug  at  I  or  .1.  —  Plug  at  1  gives  readings  for  voltage  direct  frdm 
^settings  of  tenths  switch  and  extended  wire  contact. 

Plug  at  .1  shunts  the  potentiometer  circuit  so  that  the  voltage  meas- 
ured is  one  tenth.  Therefore,  the  readings  taken  from  the  settings  of 
the  tenths  switch  and  slide-wire  contact  must  be  divided  by  10. 

To  balance  galvanometer  for  unknown  e.m.f. 

Place  plug  in  hole  1  for  voltages  up  to  1.6. 
Place  plug  in  hole  .1  for  voltages  up  to  .16. 

Rotate  the  tenths  switch  (having  the  galvanometer  key  at  first 
RES.)  until  a  condition  of  balance  is  obtained  exactly  or  approximately. 
To  secure  an  exact  balance,  rotate  the  contact  on  the  extended  wire. 
The  unknown  e.m.f.  can  now  be  read  directly  from  the  position  of  the 
tenths  switch  and  the  extended  wire  contact  if  plug  is  at  1,  or  by  divid- 
ing by  10  if  plug  is  at  .1. 

Example.  —  A  balance  was  obtained  with  the  tenths  switch  at  1.3 
and  the  extended  wire  contact  at  176  and  the  plug  at  1.  The  voltage 
under  test,  therefore,  is  1.3176.  If  the  plug  at  .1  had  been  used  the 
same  reading  would  have  indicated  .13176. 

To  ascertain  if  current  in  the  potentiometer  circuit  has  altered  during 
a  measurement,  it  is  only  necessary  to  plug  in  at  1,  place  the  doable- 
throw  switch  on  Std.  Cell  and  close  the  galvanometer  key.  No  deflec- 
tion indicates  that  current  is  constant.  If  previous  balance  does  not 
exist,  the  regulating  rheostat  must  again  be  adjusted  until  the  galva- 
nometer shows  no  deflection. 
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68.    Nalder    Potentiometer*  —  Another   popular  potentiometer  is 
that  manufactured  in  England  by  Nalder  Bros.  &  Co.     The  instrument 


Fig.  71.    The  Nalder  Bros,  potentiometer. 

is  illustrated  in  Fig.  71;  the  circuits  are  shown  in  Fig.  72.  No  slide- 
wire  is  used,  all  the  resistance  consisting  of  coils  of  wire  connected  to 
contact  buttons.  The  dial  to  the  left  corresponds  to  the  part  SO  of  the 
scale  (Fig.  68) ;  the  dial  to  the  right  is  for  fine  adjustments  and  corre- 


0.5  Megohm 


Std.CeU     a:  <  l.5v.  cr>i.5v. 


Fio.  72.    Diagram  of  connections  in  the  Nalder  potentiometer. 

sponds  to  the  part  OT.  The  regulating  resistance  K  is  mounted  in 
the  case  with  the  rest  of  the  apparatus;  it  consists  of  a  wire  rheostat 
K  for  crude  adjustment,  and  of  a  carbon  disk  rheostat  H  for  fine 
regulation. 
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The  multiplier  or  the  volt-box  for  e.m.f/s  above  1.5  volt  is  also  a 
part  of  the  instrument  itself;  the  regulating  handle  of  the  multiplier  is 
denoted  by  M.  The  switch  L  has  three  positions,  instead  of  two,  as 
in  Figs.  68  and  70;  these  positions  correspond  to  standard  cell,  x  <  1.5 
volt,  and  x  >  1.5  volt.  *The  galvanometer  and  the  standard  cell  are 
protected  by  a  0.5  megohm  resistance;  this  resistance  is  in  the  circuit 
when  the  key  N  is  slightly  pressed  on;  by  pressing  the  key  as  far  as  it 
will  go,  the  protective  resistance  is. short-circuited.  The  circuits  are 
exactly  the  same  as  in  Fig.  68.  The  current  from  the  4-  terminal  of 
the  battery  flows  to  S,  and  through  all  the  coils  of  the  two  dials  to 
the  regulating  rheostat  K;  thence  to  H  and  back  to  the  battery.  The 
potential  arm  D  is  connected  to  the  switch  L  directly  —  the  arm  C 
through  the  galvanometer  and  its  protective  resistance. 

To  use  this  potentiometer  with  a  Weston  cell  set  the  large  (dial  on 
101,  the  small  dial  on  98  or  99  according  to  the  certified  value  of  the 
e.m.f.  of  the  cell  (see  §  62).  Throw  L  to  the  left  and  adjust  the  cur- 
rent (usually  from  a  large  storage  cell)  by  K  and  H,  so  that  the  gal- 
vanometer remains  on  zero  when  the  key  N  is  pressed.  Now  the 
potentiometer  is  ready  for  measuring  e.m.f.'s  between  the  terminals 
BB  or  "  volts."  To  measure  a  voltage  above  1.5  volt  L  is  thrown  in 
its  extreme  right  position,  and  the  arm  M  set  at  the  proper  value.  The 
contacts  C  and  D  are  adjusted  until  the  galvanometer  shows  zero. 
With  the  position  of  the  contacts  shown  in  the  sketch,  the  reading  is 
1.4514  volts;  the  multiplier  is  in  position  "30,"  consequently  the 
unknown  potential  is  1.4514  X  30  =  43.542  volts. 

If  it  is  desired  to  (determine  whether  the  battery  current  has  changed, 
the  contacts  C  and  D  are  set  back  to  101  and  98  (or  99)  and  the  key  N 
pressed.  If  the  galvanometer  shows  a  deflection,  an  adjustment  is 
made  with  H,  and  the  unknown  voltage  measured  again.  This  neces- 
sity of  destroying  the  setting  of  C  and  D  is  a  drawback  of  this  instru- 
ment; it  is  eliminated  in  the  Leeds  and  Northrup  potentiometer  by  a 
somewhat  different  disposition  of  the  circuits,  and  by  adding  the 
"  Temp."  dial   (Fig.  70). 

69.  EXPERIMENT  3-F.  —Calibrating  Voltmeters  with  a  Poten- 
tiometer and  a  Standard  Cell.  —  The  theory  of  the  potentiometer  is 
given  in  §  63;  two  commercial  types  are  described  in  §§  65-68.  Study 
carefully  the  connections  in  the  potentiometer  available;  then  calibrate 
with  it  several  voltmeters  of  different  range.  Pay  .particular  attention 
to  the  sensitiveness  and  accuracy  obtainable  and  to  the  factors  which 
influence  these.  If  possible,  check  the  resistances  of  the  potentiometer 
itself,  as  explained  in  $  66;  or  devise  another  method  more  suitable  for 
the  apparatus  at  hand. 
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70.  EXPERIMENT  3-G.  —Calibrating  Ammeters  with  a  Poten- 
tiometer and  a  Standard  Resistance.  — The  experiment  is  similar  to 
that  described  in  §  56,  except  that  the  voltages  across  the  shunt  (Fig. 
59)  are  measured  with  the  potentiometer  instead  of  a  milli-volt  meter. 

71.  EXPERIMENT  3-H.— Comparing  Resistances  by  a  Poten- 
tiometer. —  The  method  is  the  same  as  in  Fig.  2,  except  that  a  potentio- 
meter is  used  instead  of  an  ordinary  voltmeter  or  milli-voltmeter.  A 
potentiometer  with  three  pairs  of  terminals,  as  shown  in  Fig.  72,  is 


Fig.  73.     A  standard  resistance  for  large  currents. 

particularly  convenient  for  the  purpose.  One  of  the  resistances  is 
connected  to  the  terminals  BB,  the  other  to  "  volts."  If  the  resistances 
are  very  different  from  each  other,  it  may  be  necessary  to  use  the  volt- 
box  with  one  of  them.  It  is  essential  that  the  current  through  the 
resistances  under  comparison  should  not  change  during  the  test.  A 
standard  low  resistance  is  shown  in  Fig.  73.  It  has  two  pairs  of  ter- 
minals, as  does  an  ammeter  shunt  (Fig.  35).  Current  is  led  in  through 
the  bent  terminals,  potential  drop  is  measured  between  the  straight 
terminals. 

72.    Ampere  Balance.  —  When  using  a  potentiometer  and  a  stand- 
ard cell,  amperes  are  measured  indirectly  as  the  values  of  the  e.m.f. 


Chap.  3]     AMMETERS  AND  VOLTMETERS  — CALIBRATION.  83 

and  the  resistance  are  found.  A  direct  standard  of  current  is  offered 
by  the  Kelvin  balance  (Figs.  74  and  75).  It  is  based  on  the  electro- 
magnetic attraction  between  stationary  and  moving  coils,  and  is  cali- 
brated by  means  of  a  silver  voltameter,  according  to  the  legal  defini- 
tion of  the  ampere. 

The  instrument  consists  of  four  stationary  coils  A}  and  two  movable 
coils  B  suspended  by  metal  strips  C,  which  strips  serve  also  as  current 
leads  for  the  coils  B.  The  six  coils  are  connected  in  series;  a  current 
flowing  through  the  coils  produces  attractions  and  repulsions,  as 
marked  in  Fig.  74.  The  influence  of  terrestrial  magnetism  is  neutral- 
ized, since  the  current  in  the  two  movable  coils  is  flowing  in  opposite 
directions. 

A  weight  is  placed  in  the  trough  D;  with  this  weight  the  movable 
coils  are  in  balance  without  current  when  the  sliding  weight  w  is  in  its 


Rep. 


Aitr. 


extreme  left  position;  this  position  corresponds  to  the  zero  of  the  scale. 
When  a  current  is  flowing  through  the  instrument,  it  is  necessary  to 
move  w  to  the  right  in  order  to  keep  the  movable  coils  in  balance,  and 
current  is  indicated  on  the  scale  by  the  position  of  the  weight  w.  It 
will  be  seen  in  Fig.  75,  that  the  instrument  is  provided  with  two  scales: 
one  is  the  accurate  uniform  scale;  the  other,  the  so-called  inspectional 
scale,  is  calibrated  directly  in  amperes.  The  ampere  divisions  are 
proportional  to  the  square  roots  of  the  distances  from  the  left  end  of 
the  scale,  because  the  attraction  between  the  coils  is  proportional  to 
the  square  root  of  current  (§  40).  The  inspectional  scale  is  accurate 
enough  for  ordinary  purposes;  if  a  greater  accuracy  is  required  the 
uniform  scale  is  used;  the  current  is  then  calculated  by  extracting  the 
square  root  of  the  reading  and  multiplying  it  by  the  constant  of 
the  instrument. 

The  slipping  of  the  weight  to  into  its  proper  position  is  performed  by 
means  of  a  self-releasing  pendant,  hanging  from  a  hook  carried  by  a 
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sliding  platform,  which  is  pulled  in  the  two  directions  by  two  silk 
threads  passing  through  holes  to  the  outside  of  the  glass  case  (Fig.  75). 
For  the  fine  adjustment  a  small  flag  is  provided,  as  in  an  ordinary  chem- 
ical balance.  The  flag  is  actuated  by  a  fork  having  a  handle  visible 
below  the  base.  The  round  knob  in  the  base,  fastened  to  the  chain, 
lifts  the  moving  coils  off  the  suspension,  when  the  instrument  is  not  in 
use.  Four  pairs  of  weights  (sliding  and  counterpoise)  are  supplied 
with  each  instrument;  of  these  the  sledge  of  the  moving  weights  and 
its  counterpoise  constitute  the  first  pair.  These  weights  are  adjusted 
in  the  ratios  of  1  :  4  :  16  :  64,  so  that  each  pair  gives  a  round  number 
of  amperes,  or  half-amperes,  or  quarter-amperes,  or  of  decimal  sub- 
divisions or  multiples  of  these  magnitudes  of  current,  on  the  inspec- 
tional  scale. 

These  instruments  can  be  used  equally  well  with  direct  or  alternating 
currents,  and  are  made  in  seven  sizes  covering  the  range  from  0.01 
ampere  to  2500  amperes.  The  smallest  size  may  also  be  used  as  a 
voltmeter,  when  provided  with  a  suitable  high  resistance  in  series 
(multiplier).  Balances  are  built  on  the  same  principle  for  measuring 
watts;  also  composite  balances  for  measuring  amperes,  volts  and  watts 
with  one  and  the  same  instrument.  Detailed  instructions  for  using 
the  balance  always  accompany  the  instrument. 

73.  Absolute  Electro-Dynamometer.  —  The  above  balances  in 
spite  of  all  their  accuracy  are  but  secondary  standards,  which  need  to  be 
calibrated  with  a  silver  voltameter.  There  is  a  continuous  effort  on 
the  part  of  physicists  to  build  a  satisfactory  primary  standard  of  current 
based  on  the  electro-dynamometer  principle,  the  constant  of  which 
standard  may  be  deduced  theoretically  in  C.  G.  S.  units  from  its  geo- 
metrical dimensions.  One  such  "  absolute "  electro-dynamometer, 
designed  by  Pellat,  is  shown  in  Fig.  76.  It  consists  of  a  large  stationary 
coil  shown  to  the  left,  and  a  small  coil  fastened  to  the  beam  of  a  deli- 
cate balance.  When  the  instrument  is  in  use  the  large  coil  is  moved 
along  to  inclose  the  small  one.  The  two  coils  are  connected  in  series 
and  the  electro-magnetic  couple  of  the  current  is  balanced  by  a  weight 
on  the  scale  pan.  The  current  corresponding  to  a  certain  net  weight 
on  the  pan  is  calculated  theoretically  from  the  dimensions  of  the  coils, 
so  that  the  instrument  is  a  primary  standard  in  the  true  sense  of  the 
word.  Standard  electro-dynamometers  are  very  expensive;  the  coils 
must  be  finished  very  accurately,  and  the  whole  instrument  made  of 
materials  which  will  not  change  their  dimensions  with  time  or  tem- 
perature. 

Three  primary  standards:  (a)  standard  cell,  (b)  standard  resist- 
ance, (c)   standard  electro-dynamometer,  are  shown  in  Fig.  77,  con- 
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nected  so  that  any  two  of  them  may  be  checked  by  the  third.     The 
current  is  measured  by  the  absolute  electro-dynamometer,  and  also  by 


Fig.  76.     The  Pellat  absolute  electro-dynamometer. 

the  standard  resistance  and  the  cell.  The  value  of  the  current  is 
adjusted  by  the  rheostat  R,  so  that  the  galvanometer  shows  no  deflec- 
tion when  the  switch  K  is  closed.  Assuming,  for  instance,  that  the 
electro-dynamometer  is  correct,  and  the  exact  value  of  the  resistance 


Std.  Electro- dynamometer 
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Fig.  77.     The  mutual  check  of  the  three  standards;  viz.,  those  of   current,  electro- 
motive force,  and  resistance. 


of  the  shunt  is  known,  the  e.m.f .  of  the  standard  cell  may  be  calculated 
as  the  product  of  the  current  and  the  resistance.  This  is  the  method 
by  which  the  latest  determinations  of  the  e.m.f.  of  Weston  and  Clark 
standard  cells  were  made  —  see  an  article  by  Dr.  Guthe  in  Bulletin 
No.  1  (Vol.  2)  of  the  Bureau  of  Standards. 


CHAPTER  IV. 
WATTMETERS, 

74.  Wattmeters  are  instruments  for  measuring  the  electric  power 
developed  in  a  circuit.  The  name  " wattmeter"  comes  from  the 
name  "watt,"  it  being  the  practical  unit  of  power  in  the  volt-ampere- 
ohm  system.  Three  types  of  wattmeters  are  in  use:  (a)  indicating, 
(b)  recording,  (c)  integrating.  Indicating  wattmeters  show  instan- 
taneous values  of  power,  or  the  rate  at  which  energy  is  consumed  in  a 
circuit;  recording  wattmeters  trace  a  curve  of  these  instantaneous 
values  on  a  record  sheet.  Integrating  wattmeters  show  total  energy 
delivered  to  a  circuit  during  a  certain  period  of  time. 

To  make  this  distinction  clearer,  take  the  case  of  a  100-volt  direct- 
current  circuit,  in  which  the  current  regularly  fluctuates  between  50 
and  70  amperes  every  10  seconds.  Imagine  a  wattmeter  of  each  of 
the  three  above  types  connected  to  such  a  circuit,  and  observe  their 
behavior  —  say  for  five  minutes.  The  needle  of  the  indicating  watt- 
meter will  fluctuate  regularly  between  the  divisions  of  the  scale,  corre- 
sponding to  5000  and  7000  watts.  The  recording  wattmeter  will  trace 
a  wavy  line  between  the  same  values  (Fig.  55).  The  dial  of  the  inte- 
grating wattmeter  will  show  at  the  end  of  five  minutes 

(7000  +  5000)  xg  =  gggoo  watt.minuteSy 

5^-=  500  watt-hours, 
w  60 
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75.  Power  expended  in  a  direct-current  circuit  (Fig.  29)  is  equal  to 
the  product  of  the  current  delivered  times  the  pressure  at  which  it  is 
supplied;  in  practical  units 

watts  =  amperes  X  volts 


or,  with  the  customary  notation, 


w  =  i  X  e (1) 
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Thus  in  direct-current  circuits  power  may  be  measured  with  an 

ammeter  and  a  voltmeter.     In  alternating-current  circuits,  the  presence 

of  self-induction  and  capacity  so  modifies  the  relations,  that  the  product 

"  effective  volts  "  times  "  effective  amperes  "  is  not  equal  to  the  true 

average  watts  expended  in  the  circuit.    The  relation  (1)  is,  however, 

always  true  for  instantaneous  values  of  current  and  voltage;  in  other 

words, 

i.e.  dt 

represents  the  electrical  energy  delivered  to  an  alternating-current 
circuit  during  an  infinitesimal  element  of  time  dt;  i  and  e  are  instan- 
taneous values  of  the  current  and  the  voltage.  The  average  energy 
delivered  in  one  second,  or  the  power  in  watts, 


w 


~fTi.e.dt (2) 


where  T  is  the  time  of  one  cycle  of  the  alternating  current.    Assuming 
that  both  currqpt  and  voltage  vary  according  to  the  sine  law,  we  have 

i  =  /  Sin  mt 

e  =  E  Sin  (mt  ±  <f>) 

where  <j)  is  the  phase  angle  by  which  the  e.m.f .  leads  or  lags  behind  the 
current,  and  m  =»  2k/ T  (see  Fig.  102).    Substituting  in  (2)  we  obtain 


•   IE 


^f  Psin  mt .  Sin  (mt  ±  #)  .  dt 


EI 
or  w  «  —  Cos<£. 

Substituting  the  effective  values  of  the  voltage  and  the  current,  as  shown 
by  the  ammeter  and  the  voltmeter  (§  36  c),  we  get 

w  —  x^ff.  e^ .  Cos  <f> (3) 

Equation  (3)  shows  that  true  power  delivered  to  an  alternating  circuit 
depends  not  only  upon  the  effective  values  of  the  current  and  the  voltage, 
but  also  upon  the  phase  angle  between  the  two.    The  expression 

is  sometimes  called  the  apparent  pouxr;  the  ratio  of  the  true  power  to  the 
apparent  power,  or  Cos<£,  is  called  the  power  factor  (of  the  load). 

It  follows  from  the  above  considerations  that  in  order  to  measure  the 
true  power  in  an  alternating-current  circuit,  it  is  necessary  to  have  an 
instrument  which  automatically  accomplishes  the  integration  required 
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by  the  expression  (2)  and  gives  the  average  value  of  w.    Such  instru- 
ments are  called  indicating  wattmeters. 

76.  Weston  Wattmeter.  —  The  most  popular  indicating  wattmeter 
is  the  Weston  instrument  shown  diagrammatically  in  Fig.  78;  the  elec- 
trical connections  and  the  general  view  of  the  instrument  are  shown  in 
Fig.  79.  The  Weston  wattmeter  is  based  on  the  electro-dynamometer 
principle  (§  40).  It  has  two  stationary  coils  and  a  moving  coil  between 
them.  The  details  of  construction  are  similar  to  those  shown  in  Fig. 
34,  except  that  stationary  coils  are  substituted  for  permanent  magnets. 


Stationary 
Series  Colls 


Fig.  78.    The  arrangement  of  parte  in  an  indicating  wattmeter. 


The  stationary  coils  consist  of  a  few  turns  of  heavy  wire  or  strip 
connected  in  series  with  the  circuit,  as  in  an  ammeter.  The  moving 
coil  consists  of  many  turns  of  fine  wire,  and  is  similar  to  the  moving 
coil  of  D.C.  voltmeters;  it  is  connected  across  the  circuit  with  a  high 
non-inductive  resistance  (multiplier)  in  series  with  it.  The  instan- 
taneous force  of  attraction  between  the  coils  is  thus  proportional  to  the 
product  of  current  by  voltage,  or  to  the  instantaneous  power  in  the 
circuit.  If  the  moving  part  of  the  instrument  had  no  inertia  it  would 
1  vibrate  with  the  fluctuations  of  the  instantaneous  values  of  energy. 
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But  with  usual  frequencies  of  alternating  currents  these  fluctuations 
follow  in  such  quick  succession  that  the  moving  element  assumes  a 
position  corresponding  to  the  average  impulse;  in  other  words,  it 
automatically  integrates  the  power  according  to  expression  (2). 

The  scale  is  divided  directly  in  watts  or  in  kilowatts  (1  kilowatt  = 
1000  watts).  The  instrument  is  calibrated  with  standard  direct- 
current  ammeters  and  voltmeters,  and  may  be  used  on  either  direct  or 
alternating  current.    The  large  terminals  dd,  Fig.  79,  are  connected  in 


Fig.  79.     External  connections  and  general  view  of  an  indicating  wattmeter. 


series  with  the  circuit  in  which  it  is  desired  to  measure  the  power;  the 
small  terminals  ee  are  connected  across  the  line.  The  button  shown 
below  the  scale  closes  the  potential  circuit  when  pressed  down.  This 
is  a  necessary  precaution  in  order  not  to  overheat  the  moving  coil  and 
the  multiplier. 

77.  Compensation  for  Power  Consumption  in  the  Wattmeter 
Itself.  — An  indicating  wattmeter,  such  as  is  shown  in  Fig.  79,  con- 
sumes some  power  in  its  series  and  potential  windings.  ,The  inaccu- 
racy introduced  thereby  is  in  some  cases  sufficient  to  make  necessary  a 
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correction.  It  will  be  easily  seen  in  Fig.  79,  that  the  current  flowing 
through  the  series  winding  of  the  wattmeter  is  a  sum  of  the  load  current 
and  of  the  current  consumed  in  the  potential  circuit  of  the  watt- 
meter itself.  Therefore,  the  instrument  indicates  more  power  than  is 
actually  consumed  in  the  load.    The  corresponding  correction  is 

«-f 

where  i  is  the  current  in  the  potential  circuit,  R  the  ohmic  resistance  of 
this  circuit,  and  E  is  the  line  voltage. 

Connecting  the  potential  leads  of  the  wattmeter  on  the  "  line  " 
side  of  the  series  winding,  brings  in  another  inaccuracy;  namely,  the 
voltage  across  the  potential  terminals  of  the  instrument  is  then  higher 
than  the  load  voltage,  by  the  amount  of  voltage  drop  in  the  series 
winding  of  the  instrument/  If  the  resistance  of  the  series  winding  is  r 
and  the  load  current  is  /,  the  corresponding  correction  is 

l*r. 

It  is  usually  preferred  to  have  the  wattmeter  connected  as  in  Fig.  79, 
and  to  correct  for  the  loss  of  power  in  the  potential  winding.  The 
reason  is  that  it  is  more  difficult  to  measure  the  resistance  r  of  the  series 
winding,  and,  moreover,  it  depends  on  the  contact  resistance  at  the 
terminals  A. 

Weston  wattmeters  are  provided  with  a  compensating  winding,  which 
makes  a  correction  unnecessary,  and  thus,  simplifies  the  use  of  the 
instrument.  Such  a  compensated  wattmeter  is  shown  in  Fig.  80,  the 
compensating  coil  being  connected  in  series  with  the  potential  coil. 
When  the  load  is  zero,  a  current  flows  through  the  series  and  the  potential 
windings  of  the  wattmeter  (Fig.  79),  and  causes  the  pointer  to  indicate 
some  power,  though  in  reality  the  power  consumption  is  zero.  The 
compensating  winding  gives  a  number  of  ampere-turns  equal  and  opposite 
to  that  created. by  the  series  coils,  and  thus  makes  the  pointer  indicate 
zero  at  no  load.  The  compensation  is  good  at  all  voltages,  since  the 
current  in  the  compensating  coil  is  always  the  same  as  in  the  series 
winding  (at  no  load).  The  potential  circuit  is  completed  between  the 
terminals  C  and  B,  through  the  compensating  "coil,  the  movable  poten- 
tial coil,  and  a  high  resistance  (multiplier)  R.  The  terminals  C  and  B 
are  usually  marked  in  Weston  instruments  "  ±  "  and  "  150  volts." 

In  cases  in  which  the  series  winding  and  the  potential  winding  are 
supplied  from  two  independent  sources,  the  compensating  coil  should 
be  left  out  of  the  circuit,  and  the  terminal  D  used,  instead  of  C.     The 
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terminal  D  is  marked  "  Ind./'  or  independent,  and  is  connected  to  the 
potential  coil  through  a  low  resistance  r  equal  to  the  resistance  of  the 
compensating  coil.  This  is  done"  in  order  to  have  the  same  total 
resistance  between  B  and  2),  as  between  B  and  C.  In  this  way  the 
instrument  calibrated  between  one  pair  of  the  terminals  reads  correctly 
between  the  other  pair  of  the  terminals. 

The  practical  cases  in  which  the  "independent"  terminal  D  should 
be  used,  instead  of  C,  are: 

(1)  When  the  wattmeter  is  connected  through  series  and  shunt 
transformers  (when  connected  to  a  high-potential  circuit). 


BdfiOt?.) 


Series  Colls 


Pig.  80.     Compensation  for  the  power  consumption  in  the  wattmeter  itself  (Weston). 

(2)  When  the  instrument  is  calibrated  with  a  separate  source 
of  current  for  the  series  winding.  The  latter  is  the  case  when  a 
large  storage  cell  is  supplying  the  current,  while  a  battery  of  small 
cells  gives  the  required  voltage.  With  this  arrangement,  large 
wattmeters  are  calibrated  with  a  comparatively  small  expenditure  of 
power. 

78.  Inaccuracy  at  Low  Power  Factors.  —  The  above  given  theory 
of  the  wattmeter  presupposes  that  there  is  no  inductance  in  the  potential 
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circuit,  so  that  the  current  in  the  moving  coil  is  in  phase  with  the  line 
voltage.  In  reality  the  coil  and  the  multiplier  have  some  small 
inductance,  so  that,  strictly  speaking,  the  current  in  the  poten- 
tial circuit  lags  slightly  behind  the  applied  e.m.f.  The  inaccuracy 
thus  introduced  is  usually  negligible  especially  at  high  values  of 
power  factor,  but  with  very  low  power  factors  may  become  quite 
noticeable. 

The  influence  of  the  power  factor  is  shown  in  Fig.  81.     J  is  the 
vector  of  the  current;  El  the  vector  of  the  applied  e.m.f.  with  a  low 


Fig.  81.    Vector  diagram,  showing  the  influence  of  inductance  in  the  potential  circuit 

of  a  wattmeter. 


power  factor  of  the  load  (large  phase  displacement  0j).  If  the  potential 
circuit  had  no  inductance,  the  current  in  the  moving  coil  of  the  watt- 
meter would  be  in  phase  with  Et1  and  the  indications  of  the  instrument 
would  be  proportional  to  the  working  component  Onx  =  Et  cos<£j  of 
the  voltage.  In  jeality,  the  current  in  the  potential  coil  is  lagging 
behind  Et  by  an  angle  a.  The  result  is  the  same  as  if  the  applied 
voltage  were  reduced  to  Oalf  with  a  working  component  Omx.  Apply- 
ing the  same  reasoning  at  a  high  power  factor  corresponding  to  the 
applied  voltage  OE21  the  points  n2  and  m2  are  obtained.  It  is  easy  to 
see  that  with  the  same  current  /,  same  voltage  E  and  the  same  angle  of 
lag  a  in  the  potential  circuit,  per  cent  error  nt  mx:  0nx  is  much  larger 
at  the  low  power  factor  than  per  cent  error  n2  m2:  On2  at  the  high 
power  factor. 
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Under  ordinary  circumstances,  and  with  good  instruments,  the 
inaccuracy  due  to  this  cause  is  negligible,  but  under  extreme  circum- 
stances may  entirely  destroy  the  value  of  the  results.  One  way  out  of 
the  difficulty  is  to  measure  "wattless"  power  as  in  Fig.  136;  another 
way  is  to  measure  the  power  by  some  means  other  than  a  wattmeter, 
for  instance  by  a  calorimeter,  or  by  the  three-voltmeter  method 
(§  10  ).  A  hot-wire  wattmeter  may  also  be  used;  see  Roller,  "Electric 
and  Magnetic  Measurements/ '  p.  223. 

79.  Whitney  Wattmeter.  —  The  instrument  (Fig.  82)  is  based  on  the 
same  principle  as  the  above-described  Weston  wattmeter,  an  electro- 
magnetic torque  being  produced  between  the  stationary  series-coil  SS 

and  the  moving  potential-coil 
MM.  The  power  is  indicated 
by  the  angle  of  torsion  necessary 
to  bring  the  moving  coil  back  to 
zero,  and  not  by  the  direct  deflec- 
tion of  the  moving  coil,  as  in  the 
Weston  instrument.  In  this  re- 
spect the  Whitney  wattmeter  is 
similar  to  the  electro-dynamo- 
meter shown  in  Fig.  39. 

The  instrument  is  connected 
to  the  line  as  in  Fig.  78,  the 
polarity  being  selected  so  that 
the  pointer  P  deflects  from  0  to 

the  side   marked   +.      Turning 
Fig.  82.     The  Hoy t  (Whitney)  wattmeter.      the  j^  R  clockwise  brings  p 

back  to  zero;  the  angle  is  shown  by  the  index  /.  The  small  scale  on 
both  sides  of  0  permits  one  to  read  watts  differing  slightly  from  those 
shown  by  the  index  /;  this  is  convenient  on  fluctuating  loads.  Sup- 
pose, for  instance,  the  reading  on  the  large  scale  be  125  watts,  and 
the  pointer  P  indicate  4  watts  clockwise;  the  actual  reading  is  then 
121  watts.  If  P  had  shown  4  watts  on  the  •!-  side,  the  reading  would 
be  129  watts. 


80.  EXPERIMENT  4-A.—  Calibration  and  Study  of  Indicating 
Wattmeters  of  Electro-Dynamometer  Type.  —  The  instruments  are 
described  in  §§  74  to  79;  they  are  calibrated  with  direct  current,  and  may 
be  used  on  either  direct  or  alternating  current.  Connect  the  wattmeter 
under  test  to  a  direct-current  line  and  provide  a  suitable  load;  connect 
into  the  same  circuit  an  ammeter  and  a  voltmeter  which  have  been 
previously  standardized.     Begin  the  calibration  with  the  largest  load  — 
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read  volts,  amperes  and  watts.  Gradually  reduce  the  load,  taking 
similar  readings.  In  connecting  the  wattmeter  keep  in  mind  the  ex- 
planations of  §  77  and  avoid  errors  due  to  energy  consumption  in 
the  instrument  its?if.  To  see  the  influence  of  this  factor,  use  the 
"Ind."  (independent,  Fig.  80)  terminal  instead  of  the  regular  one 
and  note  the  difference  in  the  indications  with  the  same  load.  See 
if  the  correction  PR  accounts  for  the  discrepancy;  try  this  with  a  large 
and  a  small  load.  Observe  the  influence  of  terrestrial  magnetism  by 
reversing  both  currents  in  the  instrument  and  take  an  average  of  the 
two  readings  to  eliminate  this  effect.  This  is  necessary  with  direct 
currents  only. 

Having   calibrated    the    instrument    try  it    on  an   A.  C.   circuit; 
change  if  necessary  the  ammeter  and  the  voltmeter.     First  meas- 
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Fig.  83.    The  Westinghouse  indicating  wattmeter. 

lire  a  non-inductive  load,  preferably  incandescent  lamps;  then  con- 
nect some  inductance  in  parallel  with  it  (as  in  Fig.  120),  keeping 
total  current  constant.  You  will  find  that  the  watts  decrease 
gradually,  while  the  apparent  power  (volts  x  amperes)  remains  the 
same. 

Report.  Give  a  calibration  curve  in  the  form  shown  in  Fig.  62. 
State  your  findings  in  regard  to  the  energy  consumption  in  the  instru- 
ment itself  and  in  regard  to  the  influence  of  the  terrestrial  field.  Give 
data  showing  that  the  true  power  is  less  than  the  apparent  power 
when  the  load  is  inductive.  Figure  out  the  power  factor  of  the  load, 
according  to  equation  (3)  in  §  75. 

81.  Induction  Wattmeter.  —  An  indicating  wattmeter  based  on  an 
entirely  different  principle  is  shown  in  Fig.  83.    In  its  principle  it  is  a 
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single-phase  induction  motor  (§  534)  the  armature  of  which  is  not 
allowed  to  revolve,  but  is  merely  deflected,  overcoming  the  tension  of  a 
spring.  The  action  is  the  same  as  in  the  induction-type  instrument 
shown  in  Fig.  43,  except  that  the  split  phase  is  produced  by  series  coils 
carrying  the  line  current,  instead  of  a  coil  short-circuited  upon  itself. 
Moreover,  the  moving  element  is  an  aluminum  drum  and  not  a  disk. 
This  last  difference  is,  however,  not  essential:  there  are  induction 
ammeters  and  voltmeters  on  the  market,  with  the  moving  part  in  the 
form  of  a  drum,  and  vice  versa.  The  shunt  coil  is  connected  across  the 
line,  in  series  with  a  high  inductance  (choke  coil).  Therefore  the 
current  in  the  shunt  coil  lags  practically  90°  behind  the  applied  e.m.f.> 
and  so  must  also  the  flux  (shown  by  dotted  lines)  produced  by  the  coil. 
The  series  coil  carries  the  line  current  and  produces  a  flux  in  phase  with 
it;  this  flux  is  shown  by  lines  drawn  in  full. 

When  the  current  is  in  phase  with  the  applied  voltage  the  aluminum 
drum  is  threaded  by  two  fluxes  at  90°  to  each  other  geometrically  and 
also  displaced  in  phase  by  90°  electrically.  These  are  exactly  the  con- 
ditions necessary  for  producing  a  revolving  flux  (see  §  520).  This 
flux  induces  secondary  currents  in  the  drum,  and  the  drum  tends  to 
follow  the  flux.  The  action  is  proportional  to  the  magnitude  of  both 
component  fluxes;  consequently  it  is  proportional  to  the  product  "  volts 
times  amperes,"  or  to  the  power  in  the  circuit.  If  the  current  is  out  of 
phase,  only  its  working  component  contributes  to  the  revolving  flux, 
being  90°  out  of  phase  with  the  shunt  flux;  the  flux  produced  by  the 
wattless  component  does  not  increase  the  torque  exerted  on  the  alum- 
inum drum.  Thus  with  any  value  of  the  power  factor,  the  action  on  the 
moving  part  is  proportional  to  true  watts. 

In  reality  the  curfent  in  the  shunt  coil  lags  less  than  90°  behind  the 
applied  voltage,  because  of  some  ohmic  resistance  in  the  potential  circuit. 
.Nevertheless  it  is  possible  to  keep  the  shunt  flux  in  exact  quadrature 
with  the  applied  e.m.f.  by  placing  on  the  poles  of  the  iron  core  a  "com- 
pensating "  winding.  The  compensating  coils  are  short-circuited  upon 
themselves  and  act  as  the  secondary  of  a  transformer  of  which  the 
shunt  coil  is  the  primary.  The  diagram  (Fig.  84)  explains  the  correc- 
tive action  of  the  compensating  winding.  Let  E  be  the  vector  of  the 
applied  voltage,  and  t1n1  the  ampere-turns  on  the  shunt  field;  they  are 
not  quite  in  quadrature  with  E.  The  ampere-turns  on  the  secondary 
or  compensating  winding  are  represented  by  ?'2n2;  they  are  not  exactly 
in  opposition  to  the  primary  ampere-turns,  because  of  the  resistance 
of  the  compensating  coils  and  of  the  magnetic  leakage  between  the  two 
windings.  The  total  ampere-turns  which  produce  the  magnetic  flux 
F  in  the  pole-pieces  are  represented  by  the  vector  in,  which  is  a  geo- 
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metrical  sum  of  i^n,  and  i^t^.      By  properly  selecting  the  number  of 
turns  and  the  resistance  of  the  compensating  winding,  the  flux  F  is  thus 
made  to  lag  exactly  90°  behind 
the  applied  voltage  E. 

Induction  wattmeters  are 
robust,  have  quite  a  high 
torque,  and  are  sufficiently 
accurate  for  ordinary  practical 
purposes.  Their  accuracy  is 
increased  by  their  being  usu- 
ally provided  with  a  long  scale 
extending  over  300°;  a  fea- 
ture impossible  in  dynamo- 
meter-type wattmeters,  unless 
a  torsion  knob  is  used  (Fig.  82). 
Connecting  the  current  and 
the  potential  coils  in  series 
or  in  parallel  considerably  in-  ^°*  &*•  Corrective  action  of  the  compen- 
creases    the    useful    range    of  sating  cofl  of  a  wattmeter, 

the  instrument.    Wattmeters  of  this  type  are  built  either  as  port- 
able instruments  or  for  switchboard  service.     For  polyphase  service 

two  independent  wattmeter 
movements  are  mounted  on 
a  common  shaft,  and  the  de- 
flection on  the  scale  measures 
total  power  of  the  system, 
with  any  distribution  of  load 
between  the  phases.  With 
large  outputs  and  high  volt- 
ages, series  and  shunt  trans- 
formers are  used  with  watt- 
meters (Figs.  44  and  45). 

Induction  wattmeters  can 
evidently  be  used  on  alternat- 
ing-current circuits  only ;  more- 
over, their  indications  depend 
to  some  extent  on  the  fre- 
quency of  the  supply.  They 
are     calibrated    through    the 


Fig.  86.     The  electrical  circuits  of  the 
Westinghouse  power-factor  meter. 


medium  of  a  dynamometer-type  wattmeter  which  in  its  turn  is  pre- 
viously standardized  with  direct  current. 
82.   Power-Factor  Meter.  —  Some  operating  features  of  A.  C.  power 
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plants  and  transmission  lines  depend  essentially  on  the  power  factor 
of  the  load.  By  having  on  the  switchboard  the  necessary  ammeters, 
voltmeters  and  wattmeters  the  power  factor  of  the  output  can  be 
easily  calculated  at  any  moment.  But  it  is  much  more  convenient  to 
have  an  instrument  which  shows  power  factor  directly,  without  any 
computation.  The  principle  of  one  type  of  such  power-factor  meters  is 
shown  in  Fig.  85.  The  device  can  be  used  on  polyphase  lines  only; 
this  is,  however,  no  objection,  because  practically  all  transmission 
plants  are  either  two-phase  or  three-phase. 

The  stationary  part  consists  of  a  laminated  iron  core  A}  provided  with 

a  regular  two-  or  three-phase  winding,  and  connected  to  the  line  through 

the  series  transformers  T.    The  moving  part  consists  of  a  soft-iron  vane 

V,  of  a  shape  shown  in  Fig.  86.     The  stationary 

winding  produces  a  rotating  magnetic  field  (f  520) 

under  the  influence  of  which  alone  the  vane  would 

revolve  as  the  rotor  of  an  induction  motor.     But 

this  vane  is  also  actuated  upon  by  a  stationary  coil 

P,  connected  across  one  of  the  phases  of  the  circuit. 

The  pulsating  field  produced  in  this  coil  weakens 

Fig.  86.  The  potential  the  revolving  field  in  a  certain  direction,  and  leaves 

able  vane    of   the  ^  *ntact  *n  ^e  perpendicular  direction.     The  mov- 

power-f  actor  meter,  *ng  vane  then  assumes  this  direction  of  maximum 

shown  in  Fig.  86.      magnetic  field;  its  position  is  indicated  by  a  pointer 

on  the  scale. 
The  currents  in  the  polyphase  winding  of  the  instrument,  being  pro- 
duced through  the  series  transformers,  are  in  phase  with  the  line 
currents.  The  current  in  the  coil  P  is  in  phase  with  the  line  voltage. 
Therefore  the  position  of  the  vane  will  depend  on  the  phase  relation 
between  the  line  current  and  the  line  voltage,  or,  which  is  the  same, 
on  the  power  factor  of  the  load.  The  instrument  is  calibrated  directly 
in  per  cent  power  factor,  the  calibration  extending  over  all  the  four 
quadrants  of  the  scale.  This  is  necessary  because  currents  may  be 
leading  or  lagging,  and  the  phase  angle  between  them  and  the  voltage 
will  be  less  or  more  than  90  degrees,  according  to  whether  the  machine  is 
working  as  a  generator  or  as  a  motor. 

The  power-factor  meter  is  by  no  means  an  accurate  measuring 
instrument;  its  indications  are  affected  by  the  magnitude  of  the  line 
current,  and  by  the  line  voltage.  But  for  a  comparative  judgment  of 
the  variations  of  power  factor  during  the  day  it  is  a  very  useful  instru- 
ment, and  deserves  its  place  on  every  well-equipped  switchboard. 

83,  EXPERIMENT  4-B.  —Study  and  Calibration  of  a  Power- 
Factor  Meter.  —  The  instrument  is  described  in  the  preceding  para- 
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graph.  Provide  a  three-phase  load  as  in  Fig.  337  or  Fig.  345;  have  an 
ammeter,  a  voltmeter  and  a  wattmeter  connected  into  the  circuit  by 
means  of  a  polyphase  board  (§  49).  Connect  the  power-factor  meter  as 
in  Fig.  85  and  apply  the  largest  inductive  load  possible  with  safety. 
Read  the  four  instruments  and  gradually  increase  the  power  factor  of 
the  load,  keeping  the  same  total  current,  until  the  load  becomes  non- 
inductive.  Repeat  the  same  test  with  two  or  three  smaller  values 
of  current.  If  an  over-excited  synchronous  motor  is  available  the 
calibration  may  be  extended  on  the  quadrants  corresponding  to  leading 
current. 

Before  or  after  the  calibration  investigate  a  few  features  of  the  con- 
struction of  the  instrument: 

(1)  Open  the  potential  circuit  and  observe  the  vane  rotate  under 
the  influence  of  the  field  produced  by  the  series  winding  alone.  Reverse 
two  of  the  series  leads,  whereupon  the  vane  will  revolve  in  the  opposite 
direction. 

(2)  Reverse  the  potential  leads;  the  pointer  will  turn  by  180  degrees. 
This  corresponds  to  the  change  from  output  to  input,  in  other  words, 
from  alternator  to  synchronous  motor. 

(3)  The  instrument  is  intended  to  be  read  with  balanced  load  only; 
unbalance  the  load  and  see  what  effect  this  has  on  indications  of  the 
power-factor  meter. 

INTEGRATING   WATTMETERS. 

84.  Watt-Hour  as  a  Unit  of  Consumption  of  Electrical  Energy. 

—  A  certain  amount  of  coal  is  required  to  generate  electrical  energy  at 
the  rate  of  one  watt  during  one  hour.  The  energy  made  use  of  by  the 
consumer  of  electrical  energy  depends  on  the  number  of  watts  consumed, 
and  on  the  time  during  which  the  power  has  been  used.  For  these 
reasons  it  is  proper  to  charge  for  electric  power  on  the  basis  of  watt- 
hour  or  kilowatt-hour  consumption.  A  16  candle-power  incandescent 
lamp  consumes  about  56  watts;  hence  it  uses  during  one  hour  56  watt- 
hours  of  electrical  energy.  Two  lamps,  if  burned  half  an  hour  each,  or 
4  lamps  used  a  quarter  of  an  hour  each,  also  consume  together  the  same 
amount  of  energy.  Within  certain  limits  it  does  not  make  any 
difference  to  the  company  supplying  the  power  during  what  period  of 
time  a  certain  amount  of  energy  is  consumed.  If  the  price  is  ten  cents 
per  kilowatt-hour,  the  cost  to  the  consumer  is  in  either  case 

10  x  i§6o  =  °-56  cent' 
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Expressed  more  accurately,  the  cause  for  measuring  electrical  energy 
in  watt-hours,  instead  of  simply  in  watts,  is  that  one  watt  represents  a 
certain  amount  of  energy  liberated  or  absorbed  in  one  second;  in  other 
words,  it  is  only  a  rate  of  expenditure  of  energy.  This  follows  from 
the  definition  of  watt,  it  being  a  product  of  "volt  X  ampere,"  where  the 
ampere  is  a  quantity  of  electricity  per  second.  On  the  other  hand,  the 
energy  contained  in  one  lb.  of  coal  is  measured  in  B.T.U.'s,  calories, 
joules,  etc.,  units  independent  of  time.  Therefore  watts  must  be  multi- 
plied by  time  in  order  to  reduce  them  to  the  same  physical  conception, 
and  to  the  same  dimensions  as  the  heat  units. 

Instruments  which  measure  watt-hours  energy  consumed  in  a  cir- 
cuit during  a  certain  period  of  time,  are  called  integrating  wattmeters 
—  sometimes  they  are  referred  to  simply  as  "electric  meters."  The 
monthly  bill  of  a  customer  is  usually  made  up  on  the  basis  of  indi- 
cations of  the  integrating  wattmeter  on  his  premises. 

85.  Types  of  Integrating  Wattmeters.  —  Meters  used  at  present  are 
of  the  motor  type  almost  exclusively,  a  small  motor  being  arranged  to 
revolve  at  a  speed  proportional  to  the  rate  at  which  energy  is  passing 
through  it.  The  number  of  revolutions  is  recorded  on  a  dial;  by  know- 
ing the  constant  of  the  meter  this  number  of  revolutions  can  be  reduced 
to  kilowatt-hours.  In  most  meters  the  shaft  of  the  motor  is  geared  to 
the  recording  mechanism  in  such  a  way  that  the  meter  reads  directly 
in  kilowatt-hours. 

Two  types  of  indicating  wattmeters  are  used,  —  dynamometer 
type  (§  76)  and  induction  type  (§  81);  to  these  there  correspond  two 
types  of  integrating  wattmeters,  —  commutator  meters  (Fig.  87)  and 
induction  meters  (Fig.  92).  A  direct  attraction  between  stationary  and 
revolving  coils  is  utilized  in  the  first  type,  and  such  integrating  meters 
may  be  used  on  either  direct-  or  alternating-current  circuits.  Induction 
meters  are  based  on  the  principle  of  the  revolving  magnetic  field  and 
can  be  used  on  alternating-current  circuits  only.  With  the  advent  of 
the  induction  meter,  the  commutator  meter  is  relegated  to  direct-cur- 
rent circuits  only,  the  induction  meter  being  simpler  and  more  accurate. 
The  so-called  Sangamo  meter  described  in  §  89  below,  was  produced  as 
an  effort  to  do  away  with  the  commutator  in  direct-current  integrating 
wattmeters. 

On  D.  C.  circuits  on  which  the  voltage  is  kept  practically  constant, 
watts  are  proportional  to  amperes,  and  it  is  sufficient  to  measure 
ampere-hours,  instead  of  watt-hours.  Multiplying  the  former  by  the 
actual  or  agreed  voltage  of  the  supply  gives  watt-hour  consumption. 
Electrolytic  meters  are  to  some  extent  us<*d  in  such  cases,  especially 
abroad.    The  current  flowing  through  the  meter  decomposes  a  certain 
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chemical  contained  in  it.  The  amount  of  material  decomposed  is 
proportional  to  coulombs  or  ampere-hours  which  pass  through  the 
meter;  the  scale  can  be  made  direct-reading. 

86.   Commutator-Type   Integrating  Wattmeters.  —  The  commu- 
tator meter  (Fig.  87)  consists  of  a  small  direct-current,  vertical  shaft 


Fig.  87.    The  electrical  connections  in  a  Thomson  integrating  wattmeter. 


motor,  without  iron  in  its  magnetic  circuit.  The  armature  A  is  con- 
nected across  the  line  with  some  additional  resistance  R  in  series,  accord- 
ing to  the  voltage  of  the  supply;  the  fields  F  are  in  series  with  the  line. 
Thus  the  current  flowing  through  the  armature  is  proportional  to  the 
line  voltage,  and  the  current  flowing  through  the  field  is  equal  to  the 
line  current;  hence  the  attraction  between  the  field  and  the  armature  is 
proportional  to  the  product  "  line  voltage  times  line  current,"  or 
proportional  to  the  power  delivered.  In  this  respect  it  is  similar  to  the 
indicating  wattmeter  shown  in  Fig.  78.  Fig.  88  gives  the  general  view 
of  this  meter. 

A  motor  connected  in  this  way  would  run  away  without  a  load.  To 
make  its  speed  proportional  to  the  power  transmitted,  the  meter  is 
provided  with  a  Foucault-current  brake,  consisting  of  a  copper  or 
aluminum  disk  D  mounted  on  the  armature  shaft  and  placed  between 
the  poles  of  permanent  magnets  MM.  To  understand  the  action  of 
this  brake,  assume  first  that  the  meter  has  no  friction;  at  the  full-rated 
load  the  armature  revolves  at  a  certain  speed,  determined  by  the  counter- 
torque  of  eddy  currents  in  the  brake.     Now  if  the  load,  or  the  product 


102 


WATTMETERS. 


[Chap.  4 


volt-amperes,  falls,  say,  to  J  of  its  former  value,  the  attraction  between 
the  field  and  the  armature  of  the  motor  drops  in  the  same  ratio  and  the 
motor  slows  down.     This  decreases  the  eddy  currents  in   the  brake 


Fig.  88.   A  general  view  of  the  Thomson  integrating  wattmeter. 

(which  currents  are  proportional  to  the  speed) ;  at  \  of  the  initial  speed 
the  counter-torque  is  again  equal  to  the  motor  torque..  Thus,  neglecting 
friction,  the  speed  of  the  meter  is  proportional  to  the  load,  and  it  should 
register  correctly  at  all  loads,    a 

The  speed  of  the  meter  is  usually  adjusted  so  as  to  make  it  direct- 
reading,  or  at  least  have  simple  multiples  as  2,  10?  etc.  This  is  done 
by  adjusting  the  position  of  the  permanent  magnets  of  the  ^rake  so  as 
to  get  the  required  amount  of  eddy  currents  induced  in  the  disk  D. 
A  meter  dial  is  shown  in  Fig.  89;  with  the  position  of  the  hands  shown 


Fig.  $9.     The  scale  of  an  integrating  wattmeter. 

there  the  reading  is  18255  kw.-hours.     If  the  reading  next  month  is. 
for  instance,   18490  kw.-hr.   the  consumption  during  the  month  was 


4]  WATTMETERS.  103 

235  kw.-hr.,  and  at  a  price  of,  say,  10  cents  per  kw.-hr.  the  monthly  bill 
will  amount  to  $23.5. 

It  can  be  seen  from  Fig.  87  that  one  of  the  series  or  current  terminals 
is  used  at  the  same  time  as  one  of  the  potential  terminals.  The  con- 
nection is  made  inside  of  the  meter  so  that  only  three  leads  come  out 
of  the  cover. 

87,  Compensating  for  Friction.  —  Friction  causes  the  meter  to  run 
slow  on  small  loads;  as  in  a  great  majority  of  cases  meters  run  on  light 
load  most  of  the  time,  this  would  represent  an  appreciable  loss  to  the 
company  supplying  the  current.  For  instance,  a  20-lamp  (10  amp.) 
meter  would  not  start  at  all  (without  the  compensating  device  described 
below)  if  only  one  lamp  of  usual  size  were  burning;  this  might  induce 
some  customer  to  leave  a  lamp  permanently  in  the  circuit. 

To  remedy  this,  a  compensating  coil  c  (Fig.  87)  is  provided  in  the 
armature  circuit;  the  field  produced  by  this  coil  gives  an  additional 
torque  just  sufficient  to  balance  the  friction  of  the  meter.  As  it  is 
impossible  to  predetermine  the  exact  amount  of  friction,  the  more  that 
it  varies  with  the  pressure  of  the 
brushes  on  the  commutator,  with 
the  wear  of  the  jewel  supporting 
the  shaft,  etc.,  this  compensating 
coil  is  made  adjustable.  The 
complete  arrangement  is  shown 
in  detail  in  Fig.  90.  FF  are  the 
main  field  coils,  C  is  the  com- 
pensating coil.  Its  distance  from 
the  armature  can  be  varied  by 
means  of  the  screws  A  and  B 
and  the  guide  D.  FiG    w      The  friction   compensation  in 

In    some   meters   the   compen-  Thomson  iutegrating  wattmeters. 

sating  coil  is  stationary,  but  is 

provided  with  several  taps  connected  to  the  buttons  of  a  dial.  By 
means  of  a  small  lever  more  or  less  turns  of  the  compensating  coil 
may  be  introduced  into  the  circuit,  and  in  this' way  the  amount  of 
compensation  varied  at  will. 

If  the  meter  is  not  sufficiently  compensated,  the  company  is  losing 
money  on  light  loads;  if  the  meter  is  over-compensated,  it  creeps  at 
no  load  and  registers  energy  even  when  no  current  is  used.  This 
naturally  leads  to  a  complaint  on  the  part  of  the  customer;  he  refuses 
to  pay  the  bill,  becomes  prejudiced  against  using  electric  power,  and  the 
company  is  again  losing  money.  It  is  commonly  appreciated  now  that 
honesty  in  regard  to  meter  calibration  and  adjustment  is  the  most 
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profitable  policy  on  the  part  of  illuminating  companies,  and  the  best 
advertisement  for  obtaining  new  customers. 

88.  EXPERIMENT  4-C. —Calibration  of  Commutator-Type 
Integrating  Wattmeters.  — Integrating  wattmeters  are  calibrated  by 
comparison  with  a  good  indicating  wattmeter.  To  perform  the  calibra- 
tion by  maintaining  a  constant  load  until  the  reading  on  the  dial  of  the 
integrating  wattmeter  had  changed  a  reasonable  amount  would,  however, 
consume  too  much  time,  and  involve  a  useless  loss  of  electrical  energy; 
therefore  the  following  method  is  employed.  A  desired  load  is  put  on 
both  meters  and  read  on  the  indicating  wattmeter,  or  on  an  ammeter 
and  a  voltmeter;  the  number  of  revolutions  of  the  armature  shaft  of  the 
integrating  wattmeter  during  a  minute  or  so  is  counted  (use  a  stop 
watch).  The  reduction  ratio  of  the  recording  train  is  usually  an  even 
number,  for  example,  100,  200,  etc.,  and  knowing  this  ratio  the  watt- 
meter error  can  be  easily  calculated. 

Suppose,  for  instance,  that  a  constant  load  of  180  kw.  was  put  on  an 
integrating  wattmeter  and  kept  constant  by  means  of  an  indicating 
wattmeter.  Suppose  that  15  revolutions  of  the  armature  disk  be 
counted  during  28  seconds,  and  that  the  reduction  ratio  of  the  recording 
gear  be  1000  -«-  1.  If  the  value  of  one  complete  revolution  of  the  pointer 
on  the  lowest  dial  is  100  kw.-hr.  (see  Fig.  89),  the  armature  disk  must 
complete  one  revolution  while  100  -*-  1000  kw.-hours,  or  0.1  kw.-hr.  is 
delivered  tp  the  load  circuit.  During  the  test,  an  energy  equal  to  180 
X  28  kw.-seconds,  or 

180xio  =  1-4kw-hra- 

has  been  delivered  to  the  circuit.  Therefore,  the  disk  should  have 
completed 

1.4  -*-  0.1  =  14  revolutions. 

In  reality  it  made  15  revolutions;  thus,  at  this  particular  load  the  meter 
runs  about  7.1  per  cent  fast,  and  consequently  registers  7.1  per  cent  more 
energy  than  is  actually  consumed.  4 

Before  beginning  the  calibration,  investigate  the  action  of  the  friction 
compensating  device,  and  the  behavior  at  light  loads  of  the  meter  with- 
out the  compensating  coil  connected  in.  The  test  consists  in  determin- 
ing at  what  per  cent  of  full  load  the  meter  can  be  made  to  positively 
start  without  danger  of  "  creeping  "  at  no  load.  Also  try  suddenly 
throwing  off  a  heavy  load  and  see  if  the  meter  stops  in  a  short  time. 
Sometimes  a  meter  correctly  adjusted  on  a  testing  rack  begins  to 
creep  when  put  on  a  wall  where  it  is  subjected  to  jarring  from  the  street 
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or  from  an  engine  working  near  by.  Try  the  effect  of  slightly  jarring  the 
meter  under  test  and  see  what  margin  should  be  allowed  for  this  effect. 
Before  beginning  the  calibration  proper,  adjust  the  meter  so  that  it  reads  as 
accurately  as  possible  on  light  loads. 

(a)  Calibrate  the  meter  with  direct  current;  begin  with  an  overload 
of  about  25  per  cent  and  gradually  reduce  the  load  to  zero. 

(b)  Then  calibrate  with  alternating  current  at  a  high  and  at  a  low 
power  factor,  to  see  if  the  calibration  constant  remains  the  same.  When 
running  at  a  low  power  factor,  the  error  caused  by  the  self-induction  of 
the  potential  circuit  is  more  noticeable  (see  §  78).  The  following 
form  of  data  sheet  will  be  found  convenient,  especially  if  more  than  one 
meter  are  calibrated  together. 


Meter  No. 


Name 


-Type. 


Bated  Volts Rated  Amps. 


Gear  ratio:  one  rev.  of  disk- 


it  tt  ti  _ 

*«  tt  4*  B 

„  t.  *     .1  _" 

tt  it  tt  _ 


att  bra. 


Wattmeter 
No. 

Wattmeter 
No. 

Wattmeter 
No. 

Volte. 

Amps. 

Watts 

Rev. 

Sec. 

Rev. 

Sec. 

Rev. 

Sec. 

Inst.  No. 



Const. 



(c)  Determine  the  torque  per  watt  per  unit  weight  of  the  moving 
element,  and  the  friction-torque  ratio  as  explained  in  §  92. 

Report,  (a)  Plot  calibration  curves  of  the  meter,  for  D.  C.  and  A.  C. 
Use  current  in  per  cent  of  full-load  current  as  abscissae,  and  per  cent 
"slow  "  or  "fast "  as  ordinates. 

(b)  Give  your  results  as  to  light-load  adjustment  and  creeping  at 
no  load. 
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(c)  Give  the  specific  torque  and  the  friction-torque  ratio  of  the  meter. 

(d)  Mention  features  of  construction  different  from  those  described 
above. 

89.  Sangamo  Meter.  — The  above-described  commutator  meters 
have  two  drawbacks: 

(1)  The  commutator  with  its  brushes  is  liable  to  give  trouble,  or 
get  out  of  order.  This  is  particularly  annoying  in  the  case  of  integrating 
meters  which  are  sealed  and  placed  on  customer's  premises,  and  thus 
cannot  be  conveniently  watched. 

(2)  Absence  of  iron  necessitates  a  comparatively  large  number  of 
turns  on  both  windings;  this  makes  the  moving  part  heavy,  increases 
bearing  friction  and  causes  jewel  troubles. 

These  two  objections  are  eliminated  in  an  original  integrating  meter 
recently  put  on  the  market  under  the  name  of  "Sangamo"  meter.  In 
its  principle  (Fig.  91)  it  is  a  homopolar  electric  motor,  the  armature  D 

of  which  floats  in  mercury 
M  and  is  subjected  to  a  com- 
paratively strong  field  of 
a  shunt  coil  S  provided  with 
an  iron  core  CC.  The  main 
current  passes  from  the 
terminal  T\9  through  mer- 
cury M  to  the  armature  Z>, 
which  consists  of  a  copper 
disk,  floating  in  the  mer- 
cury; thence  the  current 
passes  to  the  terminal  T2 
again  through  the  mercury. 
The  energizing  coil  S  is 
connected  across  the  line. 
Thus  the  field  of  this  meter 
proportional    to    the 


The    general  arrangement  of  Sangamo 
integrating  wattmeters. 


IS 


Fig.  91. 

voltage  of  the  supply, 
and  the  armature  current 
to  the  load  current.  The  attraction  between  the  armature  and 
the  field  is  thus  proportional  to  volts  times  amperes,  or  to  the 
power  to  be  measured.  This  meter  is  provided  with  an  eddy- 
current  brake  (not  shown  in  Fig.  91)  similar  to  that  in  Fig.  88,  and  so 
its  speed  is  proportional  to  the  watts  consumed  in  the  load  circuit. 
Meters  of  this  type  intended  for  large  currents  are  provided  with 
outside  shunts  similar  to  ammeter  shunts  (Fig.  35).     Friction  is  com- 
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pensated  for  by  an  adjustable  shunt,  or  by-pass,  which  allows  a  small 
current  to  flow  constantly  through  the  revolving  disk,  even  at  no  load, 
thus  creating  an  additional  torque. 

It  should  also  be  mentioned  that  the  meter  is  provided  with  a  pocket 
P  of  such  a  form  that  the  mercury  cannot  possibly  be  spilled  out  what- 
ever the  position  of  the  meter  during  transportation. 

The  Sangamo  metef  has  no  commutator  or  brushes,  so  that  this 
source  of  trouble  is  removed;  the  armature  is  much  simpler  and  lighter 
than  that  of  commutator  meters.  Moreover,  its  weight  does  not  rest 
on  the  lower  bearing,  since  the  disk  is  floating  in  mercury  and  is  balanced 
so  that  there  is  just  a  little  buoyancy  upward.  A  strong  field  makes  it 
possible  to  obtain  a  higher  torque;  this  makes  the  action  of  the  meter 
more  positive  on  light  loads.  Whether  these  advantages  are  counter- 
balanced by  the  presence  of  mercury,  and  how  satisfactory  the  meter 
will  prove  "  under  severe  conditions  of  actual  service,  remain .  to 
be  seen. 

Sangamo  meters  can  also  be  used  on  alternating-current  circuits. 
As,  however,  they  are  based  on  the  principle  of  direct  attraction  between 
the  armature  and  the  field,  the  field  flux  must  be  in  phase  with  the 
armature  current  (at  nan-inductive  loads),  instead  of  being  in  quad- 
rature with  it,  as  in  induction  meters  (§81).  The  shunt  winding  S 
possesses  some  self-induction;  it  is  neutralized  by  connecting  some 
capacity  (a  condenser)  in  series  with  it,  to  make  the  circuit  practically 
non-inductive;  the  iron  cpre  must  of  course  be  laminated.  In  all  other 
respects  D.  C.  and  A.  C.  Sangamo  meters  have  the  same  construction. 


Fig.  92.    Arrangement  of  coils  in  an  induction  type  wattmeter. 


90.  Induction  Meters.  —  Alternating-current  integrating  watt- 
meters operate  on  the  principle  of  the  revolving  magnetic  field,  as  single- 
phase  induction  motors.     The  general  arrangement  of  the  circuits 
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in  one  of  the  popular  makes  of  such  meters  is  shown  in  Fig.  92.     The 
wattmeter  has  two  windings,  one  in  series  with   the  line,  another 


Fig.  04. 


Revolving  aluminum 
armature. 


Fig.  83.  A  view  of  the  Fort  Wayne 
integrating  wattmeter,  showing  the 
series  and  the  potential  windings. 

shunted  across  the  line.     Both  windings  are  stationary,  and  produce 
together  a  rotating  magnetic  field  in  which  ct  light  aluminum  armature 

revolves,  as  a  squirrel-cage 
rotor  of  an  induction  motor. 
The  two  windings  are 
clearly  seen  in  Fig.  93;  Fig. 
94  represents  the  revolving 
part,  or  aluminum  armature 
of  the  meter.  The  meter  is 
similar  to  the  indicating 
wattmeter  described  in  §  81, 
and  the  explanation  there 
given  of  its  action  is  fully 
applicable  here.  In  order 
to  make  the  speed  of  the 
meter  proportional  to  the 
load,  an  eddy-current  brake 
is  provided,  as  in  commu- 
tator meters  (§  86).  Only 
here  it  is  not  necessary  to 
have  a  separate  disk  on 
which  permanent  magnets 
act.  The  same  aluminum 
Fig.  95.  General  view  of  a  Fort  Wayne  induction  *otor  can  be  used  as  the 
type  integrating  wattmeter.  brake  armature  (Fig.  95) ; 
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this  makes  the  meter  less  expensive  and  more  compact  than  direct- 
current  meters. 

An  induction  meter  of  different  construction  is  shown  in  Fig.  96. 
The  lower  coil  is  the  series  coil;  BB  are  two  potential  coils.     The 


Fig.  96.    Magnetic  circuit  of  the  Westinghouse  integrating  wattmeter. 


armature  has  the  form  of  a  disk   (not  shown  in  figure)  and  revolves 
in  the  space  between  the  series  and  the  potential  coils.     Friction  is 
reduced  to  a  negligible  amount    by  having    the    moving   element 
exceedingly    light;  moreover, 
the   lower    end  of  the  shaft 
rests  on  a  steel  ball  instead 
of  a  jewel,  thus  substituting 
rolling  friction  for  the  ordi- 
nary jewel  friction. 

Polyphase  integrating 
meters  are  merely  a  combi- 
nation of  two  single-phase 
meters,  whose  armatures  are 
mounted  on  the  same  shaft 
and  act  on  the  same  record- 
ing train,  thus  automatically 
adding  together  the  indica- 
tions of  the  two  component 
meters.      Some   polyphase    . 

meters  have  separate  armatures  for  each  component  meter;  in  some 
constructions,  however  (Fig.  97),  both  revolving  fields  act  on  the 
same  aluminum  disk.  The  brake  magnet  also  acts  on  the  same  disk, 
thus  the  whole  construction  is  made  light  and  compact. 


Fig.  97.     General  Electric  polyphase 
integrating  wattmeter. 
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The  method  for  connecting  polyphase  meters  into  a  three-phase  cir- 
cuit is  shown  in  Fig.  98;  the  scheme  of  connections  is  based  on  the  fact 
that  each  of  the  three  line  wires,  for  instance  B,  can  be  considered  as 

a  common  return  wire  for  two 
other  line  wires  A  and  C. 
The  three  upper  connections 
belong  to  the  upper  compo- 
nent meter,  the  three  lower 
connections  to  the  lower  meter. 
There  are  no  electrical  con- 
nections between  the  two  com- 
ponent meters  inside  of  the 
case.  The  upper  meter  regis- 
ters the  energy  between  the 
wires  A  and  B;  the  lower  meter, 
that  between  C  and  B.  Three 
terminals  are  used  instead  of 
four,  because  one  of  the  cur- 
rent terminals  serves  at  the 
same  time  as  a  potential  ter- 
minal (see  Fig.  87).  For  the 
theory  of  power  measurement 
in  three-phase  system,  see 
§430. 

91.  Correction  for  Phase-Angle.  —  A  compensating  winding  is 
necessary  in  induction-type  integrating  wattmeters  in  order  to  bring  the 
shunt  flux  in  exact  quadrature  with  the  terminal  voltage;  the  explana- 
tion for  this  is  the  same  as  given  in  §  81.  In  the  meter  shown  in  Figs. 
92  and  93  this  is  accomplished  by  an  additional  shunt  winding  G  (Fig. 
99).  CC  is  as  before  the  series  winding,  D  is  the  regular  shunt  winding 
connected  across  the  line  through  a  reactance  coil  /.  The  compensat- 
ing coil  G  is  connected  across  a  few  turns  of  the  reactance  coil  /  and  is 
placed  inside  the  shunt  coil  D,  on  a  separate  iron  core.  Resistance 
H  in  series  with  the  compensating  coil  (lagging  resistance)  is  adjusted 
so  that  the  meter  stands  still  at  a  full  inductive  load;  this  is  a  check  for 
the  compensation. 

A  third  winding  E  is  shown,  short-circuited  upon  itself  through  an 
adjustable  resistance  L.  This  winding  makes  possible  the  use  of  the 
same  meters  with  two  standard  frequencies:  60  cycles  and  140  (or  133) 
cycles.  When  the  meter  is  used  on  a  high-frequency  circuit,  the  coil 
E  is  inoperative;  but  when  the  meter  is  connected  into  a  60-cyele  cir- 
cuit the  compensation  offered  by  the  coil  G  is  not  sufficient.      Then 


Fig.  98.     Connections  between  a   three- 
phase  line  and  an  integrating  wattmeter. 
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the  circuit  of  the  coil  E  must  be  closed,  and  the  resistance  L  adjusted 
until  the  meter  again  stands  still  at  a  purely  inductive  load. 

It  would  be  hardly  possible  in  practice  to  obtain  a  load  at  the  power 
factor  zero;  therefore  this  adjustment  is  made  on  a  two-phase  circuit. 
The  series  winding  of  the  meter  is  connected  to  one  phase  through  a 
non-inductive  load;  the  potential  winding  is  connected  to  the  other 
phase,  which  is  exactly  in  quadrature  with  the  first  phase.  In  this 
way  conditions  are  created  that  would  take  place  in  a  purely  inductive 
circuit. 

In  the  meter  shown  in  Fig.  96  compensating  coils  are  wound  on  the 
same  spools  with  the  shunt  coils  B,  and  are  short-circuited  upon  them- 
selves through  a  resistance.  This  resistance  can  be  adjusted  by  means 
of  the  slide-contact  A  so  as  to  bring  the  shunt  flux  into  the  exact 
quadrature  position. 

In  describing  commutator  meters  a  friction  compensating  winding 
or  the  light  load  adjustment  (J  87)  was  mentioned.  Such  a  compen- 
sation is  of  much  less  importance  in  induction  meters,  since  their  mov- 
ing element  is  lighter,  and 
the  torque  per  unit  weight 
of  the  moving  element  much  ■ 
higher,  so  that  the  influence 
of  the  pivot  friction  is  not 
so  marked.  The  necessary 
compensation  in  the  meter 
shown  in  Fig.  99  is  obtained 
by  making  the  field  initially 
somewhat  unsymmetrical,  so 
as  to  give  the  armature  a 
one-sided  pull,  just  sufficient 
to  balance  the  friction. 
Namely,  the  phase-correct- 
ing coil  G  is  wound  on  a 
movable  arm  A,  and  this 
arm  can  be  set  in  such  a 
position  that  the  meter  will 
start  at  a  certain  small  per- 
centage of  full  load.  The 
meter  shown  in  Fig.  96  has  no  friction  compensation  whatever;  the 
moving  part  is  supported  by  a  steel  ball,  and  the  friction  is  reduced 
to  a  negligible  amount. 

92.  Torque  and  Friction.  —  It  is  now  generally  agreed  that  an  inte- 
grating meter  is  better,  the  iiigher  its  torque  per  unit  of  weight  of  the 
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Fig.  99. 


Phase  adjustment  in  an  induction-type 
integrating  wattmeter. 


112 


WATTMETERS. 


[Chap.  4 


moving  element.  This  is  because  the  disturbing  influence  of  the  pivot 
friction  is  easily  overcome,  and  the  meter  registers  more  accurately  at 
light  loads.  There  is  a  special  instrument  on  the  market,  the  so-called 
torque  balance,  by  means  of  which  the  torque  on  the  shaft  of  a  meter 
can  be  directly  measured  in  gram-centimeters,  and  two  meters  of 
different  make  compared. 

The  instrument  is  shown  diagrammatically  in  Fig.  100.  A  light 
arm  T  is  clamped  to  the  shaft  S  of  the  meter  under  test,  and  is  con- 
nected by  a  link  L  to  a  sensitive  balance  GH.    The  balance  has  a 
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Fig.  100.    A  torque  balance,  for  testing  integrating  wattmeters  (General  Electric  Co.). 


knife-edge  support  at  C;  the  position  of  equilibrium  is  indicated  by 
the  pointer  CO.  A  definite  weight  G  is  attached  to  the  balance,  caus- 
ing it  to  tip  toward  the  left.  Then  the  meter  is  loaded  electrically 
until  the  pull  on  the  link  L  brings  the  pointer  0  back  to  zero.  The 
critical  load  is  measured  on  an  indicating  wattmeter;  the  mechanical 
torque  is  calculated  from  the  weight  G  and  the  leverage  TLVC.  From 
these  data  the  torque  is  calculated  per  watt  of  load  and  per  ounce 
weight  of  the  revolving  part  of  the  meter,  supported  by  the  lower 
bearing.  This  gives  a  basis  for  the  comparison  of  competitive  meters 
of  similar  construction.    The  rods  V  and  T  are  provided  with  several 
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loops,  so  as  to  vary  the  torque  in  steps;  two  weights  are  supplied  with 
the  instrument,  to  cover  a  wide  range  of  meters  to  be  tested. 

Meters  can  also  be  compared  in  this  respect  by  determining  their 
so-called  friction-torque  ratio.  The  friction  compensator  is  adjusted  at 
no-load  so  that  the  meter  is  just  balanced,  i.e.,  so  that  it  will  creep 
under  the  slightest  vibration.  When  this  is  done,  a  load  is  applied 
equivalent  to  the  full  capacity  of  the  meter  and  the  speecl  of  the  revolv- 
ing part  measured.  Then  the  friction  compensator  is  removed  and 
the  speed  measured  again  at  the  same  load.  The  percentage  decrease 
in  speed  is  proportional  to  the  friction-torque  ratio;  thus  two  per  cent 
would  mean  a  friction-torque  ratio  of  1:  50;  one  per  cent  1:  100,  etc. 
The  higher  this  ratio,  the  better  is  the  meter,  at  least  as  regards  the 
disturbing  influence  of  its  friction. 

93.  EXPERIMENT  4-D.  —Calibrating  Induction-Type  Inte- 
grating Wattmeters.  —  For  instructions  see  Exp.  4-C.  In  addition  to 
the  tests  specified  there,  it  is  interesting  to  calibrate  one  of  the  induction 
meters  at  various  frequencies  and  with  different  wave-form.  Theoreti- 
cally the  calibration  must  differ  under  these  circumstances,  but  it  is 
claimed  for  good  modern  meters  that  they  are  "practically  "  accurate 
within  certain  limits  of  wave-form  and  frequencies.  It  is  not  necessary 
to  repeat  the  complete  calibration  curves;  one  or  two  points  accurately 
observed  are  sufficient  to  enable  the  observer  to  judge  if  the  calibration 
remain  the  same.  When  calibrating  an  induction  meter,  it  is  advis- 
able to  take  at  least  three  separate  curves:  at  non-inductive  load,  at 
a  moderate  load  of  constant  power,  but  varying  power  factor,  and  at 
a  load  of  constant-current  value,  with  varying  power  factor.  There 
are  meters  on  the  market,  which  register  correctly  at  non-inductive 
loads  only,  and  run  too  slow  at  inductive  loads. 

94.  Wright  Maximum-Demand  Indicator.  —  The  actual  cost  of 
supplying  a  certain  number  of  kilowatt-hours  of  power  to  a  customer 
depends  on  the  rate  at  which  he  consumes  his  energy.  A  customer 
who  uses  one  kilowatt  regularly  for  eight  hours  a  day  is  more  desirable 
to  the  operating  company  than  another  who  uses  4  kilowatts  for  two 
hours.  The  amount  of  energy  per  month  is  the  same  in  both  cases  ; 
but  the  first  customer  requires  less  capacity  of  the  generating  apparatus 
and  a  smaller  transmission  line  than  the  second  one;  he  also  causes 
smaller  fluctuations  of  the  load.  Therefore  the  company  may  give 
him  a  better  rate  per  kilowatt-hour.  This  principle  of  "discrimina- 
tion "  in  charging  for  electrical  energy  is  used  in  some  cities  where 
the  customer  is  charged  so  much  per  kilowatt-hour  of  the  actually 
consumed  energy,  and  then  an  extra  charge  is  made  for  each  kilowatt 


114 


WATTMETERS. 


[Chap.  4 


of  his  maximum  demand.  Instruments  for  measuring  the  maximum 
load  or  maximum  demand  during  a  month,  or  other  agreed  period  of 
time,  are  called  maximum-demand  indicators. 

The  Wright  maximum-demand  indicator,  used  to  some  extent  in 
this  country  and  in  England,  is  shown  schematically  in  Fig.  101.  It 
records  the  maximum  current  which  has  passed  through  it  at  any 
time  since  it  was  last  set.  A  liquid  is  hermetically  sealed  in  a  glass  tube 
having  a  bulb  at  each  end.  Around  the  left,  or  heating  bulb,  is  placed 
a  band  of  resistance  metal,  through  which  passes  the  current  to  be 
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Load 


Fig.  101.    Wright  maximum-demand  indicator. 


measured.  The  passage  of  the  current  heats  the  air  in  the  bulb,  and 
the  expansion  of  the  air  forces  the  liquid  up  into  the  right-hand  side 
of  the  tube,  causing  it  to  overflow  into  the  middle  or  indicating  tube. 
The  liquid  deposited  in  the  indicating  tube  remains  there  until  the 
indicator  is  reset.  The  glass  tube  is  carried  on  a  backing,  so  hinged 
that  the  meter  can  be  reset  by  tipping  the  tube  and  allowing  the  liquid 
to  run  out  of  the  indicating  tube  into  the  side  tubes.  It  is  the  differ- 
ence in  temperature  of  the  air  in  the  two  bulbs,  that  causes  the  indi- 
cator to  register.  Any  change  in  the  temperature  of  the  external  air 
causes  equal  air  expansion  in  both  buibs,  and  hence  does  not  affect  the 
reading. 
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The  instrument  is  purposely  made  slow-acting;  standard  indicators 
are  so  designed,  that  if  the  maximum  load  lasts  only  five  minutes,  the 
meter  will  register  about  80  per  cent;  if  ten  minutes,  95  per  cent,  and 
the  full  100  per  cent  is  registered  when  the  load  has  continued  about 
forty  minutes.  In  this  way  the  customer  is  not  penalized  for  short 
overloads  which  do  not  inconvenience  the  supply  station  in  any  way. 

95.  EXPERIMENT  4-E.  —Testing  Maximum-Demand  Indi- 
cators. —  The  test  consists  in  calibrating  the  scale  of  the  instrument  for 
loads  carried  indefinitely  (more  than  40  minutes).  While  this  is  being 
done,  per  cent  indication  may  also  be  determined  for  loads  carried  for 
shorter  periods  of  time.  Begin  with  a  slight  load  and  read  the  level  of 
the  fluid  in  the  middle  tube  say  every  five  or  ten  minutes  until  it 
becomes  stationary.  Tip  the  instrument  over  to  reset  the  liquid,  and 
repeat  the  same  experiment  with  a  somewhat  larger  load,  etc.  The  left 
bulb  must  be  cooled  off  before  putting  on  a  load. 

Report.  Plot  a  calibration  curve  for  the  final  levels  of  the  fluid,  and 
a  few  curves  showing  per  cent  indication  on  loads  carried  for  a  shorter 
time. 


CHAPTER  V. 
REACTANCE  AND  RESISTANCE   IN  A.  C.  CIRCUITS. 


96.  Physical  Conception  of  Inductance.*  —  When  a  current : 
through  a  conductor,  a  magnetic  field  or  flux  is  created  around  it.  As 
long  as  the  current  remains  constant,  this  field  does  not  react  in  any 
way  upon  the  electric  circuit.  But  when  the  current  varies,  the  flux 
also  necessarily  changes;  in  doing  so  it  induces  in  the  conductor  an 
electromotive  force,  in  other  words,  reacts  on  the  circuit  and  affects 
the  rate  of  change  of  the  current.  This  induced  e.m.f.,  in  accordance 
with  the  fundamental  law  of  electromagnetic  induction,  has  such  a 
direction  as  to  oppose  the  change  in  current,  consequently  to  retard 
the  change  in  flux.  The  action  is  very  much  as  if  the  magnetic  field 
had  some  kind  of  inherent  inertia. 

Sir  Oliver  Lodge  gave  the  following  striking  picture,  or  analogy  of 
this  phenomenon.  Imagine  the  magnetic  field  surrounding  a  conduc- 
tor as  consisting  of  whirls  in  ether  driven  by  the  current;  assume  these 
whirls  to  be  endowed  with  some  inertia.  As  long  as  the  current  is 
steady,  the  whirls  are  spinning  at  the  same  speed,  and  the  effect  of 
their  inertia  does  not  come  into  play.  If  now  the  applied  e.m.f.  be 
reduced,  tending  to  reduce  the  current,  the  whirls  by  virtue  of  their 
inertia  tend  to  spin  at  the  same  speed,  and  thus  oppose  the  decrease 
of  current.  The  current  gradually  decreases,  and  the  field  returns 
some  of  its  stored  energy  to  the  source  of  the  e.m.f.  On  the  contrary, 
should  the  current  be  increasing,  the  whirls  oppose  its  rise;  the  applied 
e.m.f.  has  to  perform  some  additional  work  in  accelerating  the  whirls. 
The  opposing  action  of  the  whirls,  or  of  the  magnetic  field,  is  stronger, 
the  greater  the  flux;  also  the  quicker  occur  the  changes  in  the  applied 
e.m.f.  (the  greater  its  frequency).  This  is  analogous  to  the  reaction 
of  a  heavy  fly-wheel  driven  at  a  non-uniform  speed  —  the  reaction  is 
proportional  to  the  inertia  of  the  wheel,  and  to  the  rate  at  which  it  is 
accelerated. 

Whatever  the  explanation  of  the  phenomenon,  the  observed  fact  is 

*  The  property  of  conductors  called  reactance  is  a  composite  quality  which  in- 
cludes the  frequency  of  the  circuit,  and  a  physical  property  of  the  conductor  itself, 
called  its  inductance.  Therefore,  in  order  to  understand  reactance,  it  is  necessary 
tirst  to  form  a  clear  physical  conception  of  inductance. 

116 


Chap.  5]  REACTANCE  AND  RESISTANCE.  117 

that  electrical  conductors  oppose  changes  in  current  by  the  generation 
of  a  counter-e.m.f .  This  reaction  of  conductors,  expressed  numerically, 
is  called  their  inductance.  The  reason  for  the  name  is  that  the  reaction 
consists  in  "  inducing  "  a  counter-e.m.f.  The  practical  unit  of  induct- 
ance in  the  volt-ampere-ohm  system  is  called  the  henry.  An  electrical 
device  is  said  to  have  an  inductance  of  1  henry,  if  1  volt  of  counter- 
e.m.f.  is  induced  in  it,  when  the  current  changes  at  a  rate  of  1  ampere 
per  second.  The  older  name  for  inductance  is  the  coefficient  of  self- 
induction. 

97.  Difference  between  Inductance  and  Ohmic  Resistance.  — 
The  presence  of  inductance  in  an  alternating-current  circuit  necessitates 
an  increase  in  the  applied  e.m.f.  in  order  to  produce  the  same  current; 
similarly,  an  increase  in  resistance  has  the  same  effect.  Thus,  it  may 
at  first  seem  that,  from  a  practical  standpoint,  resistance  and  induct- 
ance produce  the  same  effect  on  the  relations  in  the  circuit,  and  do  not 
need  to  be  distinguished.  There  is,  however,  a  vast  difference  between 
the  two,  as  a  consideration  of  the  following  points  will  show: 

(1)  Ohmic  resistance  is  noticeable  to  the  same  extent  whether 
current  is  steady  or  variable;  the  drop  caused  by  it  is  at  any  moment 
proportional  to  the  instantaneous  value  of  the  current.  Inductance 
becomes  apparent  only  when  the  current  is  varying;  the  induced  e.m.f. 
or  the  resulting  drop  in  potential,  being  proportional  to  the  rate  of 
change  of  the  current  and  not  to  its  absolute  value. 

(2)  Resistance  is  due  to  some  molecular  friction  in  the  conductor 
itself;  inductance  is  caused  by  the  inertia  of  the  magnetic  flux  surround- 
ing the  conductor. 

(3)  Energy  spent  in  overcoming  ohmic  resistance  is  converted  into 
heat,  and  is  lost  electrically.  Energy  applied  for  overcoming  induct- 
ance is  stored  in  the  form  of  electromagnetic  energy  of  the  field,  cuid* 
is  periodically  given  back  to  the  circuit  through  the  medium  of  induced 
e.rni. 

(4)  Ohmic  resistance  does  not  change  with  the  shape  of  a  conductor, 
inductance  depends  essentially  on  the  form  of  the  conductor.  A  wire, 
whether  straight  or  wound  into  a  coil,  has  the  same  ohmic  resistance, 
while  its  inductance  in  the  second  case  is  increased  many  times  because 
of  the  concentration  of  magnetic  flux. 

98.  Inductance  and  Reactance. — Inductance  is  usually  considered 
in  electrical  engineering  as  to  its  effect  on  alternating-current  circuits 
of  a  constant  frequency.  It  is  convenient,  therefore,  to  include  the 
element  of  frequency  into  the  value  of  inductance;  this  simply  means 
a  change  in  the  unit  and  the  dimension  of  the  quantity,  which  expresses 
the  inertia  of  the  magnetic  field.     Tt*^  pew  pM«$l"M:  <■.-  "V*.y  is  called 
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the  reactance  of  a  circuit  or  of  a  device,  and  is  expressed  in  ohms  like 
ordinary  resistance. 

The  following  considerations  lead  to  the  conception  of  reactance. 
According  to  the  above  definition  of  inductance,  the  counter-e.m.f. 
set  up  in  a  coil  having  an  inductance  of  L  henrys  is 


r  dl 

e  =  L-- 

dt 


(1) 


where  di  -*•  dt  is  the  rate  of  change  of  current  with  the  time.  We 
assume  first  that  the  coil  has  no  ohmic  resistance  to  be  overcome.  In 
this  case  the  induced  counter-e.m.f.  is  at  any  moment  equal  and  oppo- 
site to  the  applied  e.m.f.  Otherwise  a  finite  difference  of  e.m.f.'s  in 
a  conductor  of  zero  resistance  would  produce  an  infinitely  large  current. 


Fio.  102.    Instantaneous   values  of  current  and  voltages  in  an  alternating-current 
circuit  containing  resistance  and  inductance. 

Let  the  current  vary  according  to  the  sine  law,  Fig.  102,  at  a  fre- 
quency of  n  periods  per  second.  The  instantaneous  values  of  the 
ctt-rent  may  be  expressed  by  the  formula 

i  =  /  Sin  2nnt (2) 

where  /  is  the  amplitude  of  the  wave,  and  t  is  time  in  seconds.     Sub- 
stituting  (2)  in  (1)  we  get 

e  =  2xnLI  Cos  2nrU (3) 

This  result  interpreted  means,  that  a  sinusoidal  current  sets  up  a  sinu- 
soidal counter-e.m.f.  of  the  same  frequency,  and  of  the  amplitude 

E  =  2kuLI.   . 
Denoting  2nnL  =  x (4) 

we  get  E  =  xl;  the  same  relation  holds  true  for  the  effective  values  of 
current  and  voltage   (see  §  36  c) ;  thus  we  obtain 

E&-"  xitf       (5) 


/ 
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-9-JW  quantity  x  is  called  the  reactance  of  the  coil,  or  of  any  other 
electrical  device  under  consideration.  Equation  (5)  shows  that  react- 
anr*»,  being  a  ratio  of  voltage  to  current,  is  expressed  in  ohms  like 
ordinary  it»istance.  It  will  be  seen  from  (4)  that  reactance  is  a  com- 
posite conception;  its  value  depends  on  the  inductance  of  the  device, 
and  on  the  frequency  of  the  supply.  As  frequency  usually  remains 
constant  in  practice,  reactance  also  remains  constant  (save  when  the 
conditions  surrounding  the  conductor  are  changed). 

Pulsations  of  current  %  and  of  voltage  e  do  not  reach  their  maxima 
simultaneously;  the  current  passes  through  its  zero  value  when  the 
e.m.f.  reaches  its  maximum,  and  vice  versa.  This  is  shown  by  the 
equations  (2)  and  (3),  for — while  the  current  is  expressed  by  a  sine 
function  —  the  voltage  varies  according  to  a  cosine  function.  The  two 
waves  are  shown  in  their  relative  phase  positions  in  Fig.  102;  see  the 
curves  marked  "current  i"  and  "inductive  drop  ix."  The  waves  are 
said  to  be  displaced  in  phase  by  90  electrical  degrees,  since 

Sin  2nnt  =  Cos  (90°  -  2xrd). 

The  above  discussion  shows  the  convenience  of  using  reactance  z  instead 
of  inductance  L,  and  the  relation  between  the  two. 

99.  Experimental  Determination  of  Reactance.  —  Reactance  of  a 
coil  AB  of  low  resistance  (Fig.  103)  may  be  determined  experimen- 
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Fig.  103.     Resistance  and  reactance  in  series. 

tally,  by  measuring  the  current  flowing  through  the  coil  and  the  A.  C. 
voltage  at  its  terminals.  The  reactance  is  equal  to  the  ratio  of  the 
voltage  to  the  current,  according  to  equation  (5).  The  current  is 
measured  on  the  ammeter  Am.,  the  voltage  by  the  voltmeter  V  con- 
nected across  the  terminals  of  the  coil.  The  rheostat  R  is  for  the 
purpose  of  regulating  the  current. 

An  iron  core  /  is  shown  within  the  coil;  the  presence  of  iron  intensi- 
fies the  flux  produced  by  the  coil,  and  thus  greatly  increases  its  react- 
ance.    By  moving  the  core  in  and  out  the  reactance  may  be  varied 
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within  wide  limits.    This  method  is  often  used  for  regulating  cuUSSk 
in  A.  C.  circuits. 

Three  factors  influence  the  accuracy  of  determination  of  reactance 
by  this  method:  The  ohmic  resistance  of  the  coil,  the  iron  loss  in  the 
core  (hysteresis  and  eddy  currents),  and  higher  harmonics  in  the  sup- 
ply voltage.    These  factors  may  either  be  kept  down  by  a  suitable 


Fig.  104.     Influence  of  frequency  on  reactance  and  impedance  (resistance  and 
inductance  are  kept  constant). 


choice  of  conditions,  or  their  influence  may  be  determined  and  corrected 
for,  as  is  explained  below. 

100.  Factors  which  Affect  the  Value  of  Reactance.  — The  react- 
ance of  a  coil  depends  on  the  following  factors: 

(a)  Frequency  of  the  supply  (Fig.  104). 

(b)  Presence  of  iron  (Fig.  105). 

(c)  Intensity  of  current  (Fig.  106). 

(d)  Number  of  turns  in  the  coil.  / 

In  these  diagrams  the  student  is  asked  to  pay  attention,  for  the  time 
being,  only  to  the  curves  marked  "Reactance  x."  It  will  be  seen  from 
these  curves  that: 

(a)  Reactance  is  directly  proportional  to  the  frequency  of  the  sup- 
ply, in  accordance  with  the  definition  of  reactance;  see  equation  (4). 

(b)  Reactance  depends  essentially  upon  the  presence  and  the  posi- 
tion of  the  iron  core,  or  plunger.  The  reactance  decreases  as  the 
plunger  is  drawn  out  of  the  coil;  the  limiting  value  is  that  which  the 
coil  has  without  iron. 

(c)  With  iron,  the  value  of  reactance  depends  on  the  intensity  of 
the  current  flowing  through  the  coil.    This  is  because  the  magnetic 


Chap.  5] 


REACTANCE  AND  RESISTANCE. 


121 


flux  13  not  proportional  to  the  current,  the  iron  approaching  its  satu- 
ration limit  (i  141).    The  reactance  reaches  its  maximum  at  the  point 


Position  of  Plunger 

Fig.  105.     Influence  of  the  position  of  the  plunger  (Fig.  103)  on 
reactance  and  impedance  of  the  circuit. 

of  maximum  permeability  of  iron,  in  other  words,  where  the  flux  per 


Fig.  106.    Influence  of  the  magnitude  of  current  on  the  reactance  of 
a  oj^effoct  of  saturation  in  iron). 

1  ampere  of  current  is  a  •tttxim;^-     Without  iroi«.  there  i«  no  renson 
why  metance  4|taM  jig&ffid  on  the  value"  of  the^rrrut,  as  both  the 
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flux  in  the  coil  and  the  applied  voltage  are  proportional  to  the 
current. 

(d)  The  reactance  of  a  coil  is  proportional  to  the  square  of  the  num- 
ber of  turns  in  series,  other  factors  being  identical,  as  is  evident  from  a 
consideration  of  two  coils.  The  two  coils  under  comparison  should 
have  the  same  outsi3e  dimensions  and  the  same  space  available  for 
winding.  Let  one  of  the  coils  be  wound  with  a  finer  wire,  so  as  to 
accommodate  m  times  more  turns  in  the  same  space;  assume,  that  the 
currents  in  the  two  coils  are  adjusted  so  as  to  produce  equal  fluxes  in 
the  respective  cores.  Let  the  induced  voltage  and  the  current  in  the 
first  coil  be  E  and  /  respectively  —  those  in  the  second  coil  E'  and  /'. 
If  the  flux  in  the  second  coil  is  the  same  as  in  the  first,  /'  must  be  = 
/  -*-  m,  in  order  to  have  the  same  number  of  exciting  ampere-turns. 
The  flux  in  the  second  coil  is  interlinked  with  m  times  more  turns  than 
an  equal  flux  in  the  first  coil;  consequently  E'  =  mE.  Thus,  the 
reactance  of  the  second  coil 

.  _&  _    mE   _  rr^E  _     2 

where  x  is  the  reactance  of  the  first  coil.  This  proves  that  reactange 
increases  as^the  square  of  number  of  turns.  With^the  same  number 
of  turns,  reactance  increases  as  the  cross-section  of  the  coil,  or  at  least 
as  the  cross-section  of  its  iron  core,  for  the  reason  that  the  flux  produced 
by  the  coil  increases  in  this  proportion. 

101.  EXPERIMENT  5-A.  —Study  of  a  Reactance  Coil  with- 
out Iron.  — The  influence  on  reactance  of  frequency  and  of  the  num- 
ber of  turns,  as  discussed  in  the  preceding  article,  may  be  conveniently 
studied  on  a  coil  without  an  iron  core.  The  connections  are  as  shown 
in  Fig.  103;  for  the  experiment  a  coil  with  a  considerable  number  of 
turns  of  heavy  wire  should  be  used  in  order  to  have  an  appreciable 
inductance  with  a  negligible  resistance,  (a)  First  investigate  the 
influence  of  frequency.  Connect  the  circuit  to  the  terminals  of  an 
A.  C.  generator  the  speed  of  which  may  be  varied  at  will.  Keep  the 
current  through  the  coil  constant,  and  measure  the  voltage  across  its 
terminals  at  various  frequencies  of  the  current.  .  Take  readings  with 
two  or  three  different  values  of  the  current,  (b)  Investigate  the 
influence  of  the  number  of  turns.  It  is  convenient  for  this  purpose 
to  have  a  coil  wound  with  two  or  more  wires  in  parallel.  By  using 
separate  sections  of  the  winding,  or  combining  them  in  series  and  in 
parallel,  different  numbers  of  actjyo  tuTflS  are  obtained.  The  experi- 
ment may  be  performed  at  a  constant  frequ£Pc^  the  reactance  should 
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be  determined  with  several  different  values  of  current,  (c)  In  cases 
where  inductance  is  harmful,  coils  are  wound  non-inductively,  or  so  as 
not  to  produce  any  magnetic  flux.  This  is  accomplished  by  connect- 
ing two  halves  of  a  winding  so  that  each  tends  to  produce  a  magnetic 
flux  in  a  direction  opposite  to  that  of  the  other.  Try  this  experi- 
mentally by  sending  a  current  through  the  coil  with  two  sections  of 
the  winding  connected  in  opposition.  If  the  coil  has  only  one  winding, 
take  a  tap  Af  (Fig.  103)  as  one  terminal,  and  use  the  points  A  and  B 
connected  together  as  the  other  terminal.  Before  putting  on  current, 
insert  enough  resistance  R  to  prevent  an  inrush  of  current.  You  will 
find  the  voltage  drop  across  the  coil  very  small,  and  consequently  its 
reactance  low. 

Report.  Plot  values  of  reactance  in  ohms  to  cycles  (of  frequency) 
as  abscissae;  figure  out  the  inductance  of  the  coil  (in  henrys)  according 
to  formula  (4).  Give  the  results  showing  that  inductance  increases 
as  the  square  of  the  number  of  turns.  Describe  the  experiment  with 
the  coil  wound  non-inductively. 

102.  EXPERIMENT  5-B.  —Study  of  a  Reactance  Coil  with  an' 
Iron  Core.  —  The  factors  to  be  investigated  are  enumerated  in  §  100. 
The  influence  of  the  frequency  and  of  the  number  of  turns  may  be 
omitted,  if  experiment  5-A  has  previously  been  performed.  To  investi- 
gate the  influence  of  the  position  of  the  plunger,  first  remove  it  (Fig. 
103),  and  raise  the  current  in  the  coil  to  its  maximum  safe  value.  Then 
gradually  move  the  plunger  in,  at  the  same  time  cutting  the  resistance 
R  out  of  the  circuit,  so  as  to  keep  the  current  constant  (Fig.  105). 
Another  set  of  curves  may  be  taken,  keeping  the  voltage  across  the  coil 
constant,  and  allowing  the  current  to  drop  as  the  plunger  is  inserted 
into  the  coil. 

To  investigate  the  influence  of  the  intensity  of  current  (Fig.  106), 
shove  the  plunger  into  the  coil  and  gradually  increase  the  current  by 
regulating  the  rheostat  R;  read  volts  and  amperes.  Repeat  the  test 
with  two  or  three  different  positions  of  the  plunger. 

Report.  Plot  curves  showing  variation  of  the  reactance  of  the  coil 
with  the  position  of  the  plunger  and  with  the  intensity  of  the  current 
in  the  coil,  as  in  Figs.  105  and  106.  Explain  the  character  of  the 
curves. 

103.  Impedance,  or  Combination  of  Reactance  and  Resistance. 
—  Reactance  coils  have  been  considered  heretofore  as  devoid  of  ohmic 
resistance,  or  at  least  having  a  negligible  resistance.  In  many  prac- 
tical cases/however,  the  ohmic  resistance  of  a  circuit  is  of  equal,  if  not 
of  greater  importance,  than  the  reactance.    It  is  necessary,  therefore, 
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to  investigate  the  combined  action  of  a  reactance  having  a  resistance 
in  series  with  it. 

Experience  and  theory  show,  that  a  reactance  x  and  a  resistance  r 
connected  in  series,  as  in  Fig.  107,  cannot  be  added  arithmetically, 


Fig.  107.    Diagram  of  connections  for  investigating  electrical  relations  in  a  circuit 
containing  resistance  and  reactance  in  series. 

though  both  are  expressed  in  ohms.  They  must  be  added  geometri- 
cally, at  right  angles,  as  in  Fig.  108.  For  instance,  let  an  inductance 
of  4  ohms  be  connected  in  series  with  a  resistance  of  3  ohms.    To  force 


Current  i 


Pig.  109.    The  triangle  of  voltage  drop, 
corresponding  to  Fig.  108. 


Fig.  108.  Geometrical  addition  of  a 
resistance  and  a  reactance,  the  result 
being  an  impedance. 

a  current  of  10  amperes  through  the  reactance  alone  an  e.m.f.  of  40 
volts  is  necessary;  to  force  the  same  current  through  the  resistance 
alone,  30  volts  are  required.  But  when  the  two  are  connected  in  series, 
only  50  volts  are  necessary,  instead  of  40  +  30  =  70  volts.  In  other 
words,  the  combined  action  of  4  ohms  and  3  ohms  is  seemingly  equiva- 
lent to  5  ohms,  and  not  to  7  ohms. 

This  peculiar  relation  can  be  explained  by  means  of  the  equations 
established  in  §  98.  When  a  coil  —  in  addition  to  an  inductance  L  —  has 
some  ohmic  resistance  r,  the  e.m.f.  necessary  to  be  applied  at  its  ter- 
minals, in  order  to  produce  a  current  t,  is 


e-L^  +  tr 

at 


(6) 


compare  with  equation   (1).     Substituting  i  from  (2),  and  remember- 
ing the  relation  (4),  we  obtain 

e  -  xl  Cos  2nnt  +  rl  Sin  2nnL (7) 
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This  shows  that  the  applied  voltage  at  any  moment  is  a  sum  of  two 
voltages,  each  varying  as  a  sine  wave  (Fig.  102).  The  wave  of  the 
inductive  drop  ix  is  the  same  as  before;  the  wave  of  the  ohmic  drop  ir 
is  in  phase  with  the  current,  both  being  represented  by  the  same  sine 
function.  The  total  voltage  e  »  iz  is  also  represented  by  a  sine  wave, 
for  the  sum  of  two  sine  waves  of  the  same  frequency  is  also  a  sine  wave. 
It  will  be  seen  from  Fig.  102  that  the  amplitude  of  the  wave  marked 
"total  voltage  "  is  less  than  the  sum  of  the  amplitudes  of  the  two  com- 
ponent waves.  Its  phase  position  is  also  intermediate  between  the 
two.    We  may  express  this  voltage  by 

e  -  zl  Sin  (2nnt  +  <f>) (8) 

where  z  and  <f>  are  two  new  quantities  which  determine  the  magnitude 
and  the  position  of  the  resultant  e.     Equating  (7)  and  (8)  we  obtain 

z  Sin  (2;rn*  +  <f>)  -  x  Cos  2nnt  +  r  Sin  2nnt    ...     (9) 

This  relation  is  true  at  any  moment  t;  applying  it  first  for  nt  =  0,  and 
then  for  nt  =  J,  we  obtain 

zSin<f>  -x\ (10) 

z  Cos  <f>  -  r  J  J 

whence 

z  =  y/x*  +  r2  1        (11) 

tan<£  =       x  ■*-  r  ) 

For  given  values  of  x  and  r,  the  values  of  z  and  <f>  may  either  be  calcu- 
lated from  (11)  or  constructed  as  in  Fig.  108.  The  "  combined  resist- 
ance "  z  is  called  the  impedance  of  an  apparatus  or  of  a  circuit;  it  is  thus 
equal  to  the  geometrical  sum,  and  not  to  the  arithmetical  sum,  of  the 
component  resistance  and  reactance  in  series. 

Returning  now  to  the  above  numerical  example,  we  see  that  a  4- 
ohm  reactance  and  a  3-ohm  resistance  act  together  as  an  impedance 
z  =  V42  +  32  «  5  ohms.  The  equation  (8)  may  be  represented  sym- 
bolically thus: 

E*=  zi^ty) (12) 

where  (<f>)  means  that  the  wave  of  the  current  lags  behind  that  of  the 
applied  voltage  by  the  angle  <f>  (Figs.  102  and  109).  This  equation 
compared  to  the  equation  (5)  clearly  indicates  the  influence  of  an 
ohmic  resistance  in  series  with  a  reactance. 

104.  EXPERIMENT  5-C.  —Study  of  a  Reactance  Coil  with  an 
Appreciable  Ohmic  Resistance.  — We  assume  now  that  the  coil  A-B 
(Fig.  103)  has  an  appreciable  ohmic  resistance  r.  For  experimental  pur- 
poses, it  is  better  to  have  the  coil  itself  of  a  negligible  resistance,  but 
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have  some  resistance  connected  outside  the  coil,  so  as  to  be  able  to  vary 
it  (Fig.  107).  The  purpose  of  the  experiment  is:  (1)  To  prove  that 
a  resistance  and  a  reactance  in  series  must  be  added  geometrically; 
(2)  To  investigate  the  influence  of  the  factors  enumerated  in  §  100, 
as  modified  by  the  presence  of  resistance.  To  prove  the  triangle  of 
resistances,  Fig.  108,  send  an  alternating  current  through  the  coil  and 
the  resistance  connected  in  series.  Measure  the  current  and  the  volt- 
age and  determine  the  impedance  z  as  the  ratio  of  the  voltage  to  the 
current,  according  to  equation  (12).  Then  measure  the  reactance  x 
of  the  coil  alone,  also  as  a  ratio  of  volts  at  its  terminals  to  amperes 
flowing  through  the  coil.  Finally  put  on  a  direct  current,  and  measure 
the  ohmic  resistance  r.    The  three  quantities  thus  determined  must 


Fig.  110. 


Resistance 


Influence  of  variable  resistance  on  the 
value  of  an  impedance. 


Variable  Resistance 


Fig.  111.   Explanatory  diagram 
to  the  curves  shown  in  Fig.  110. 


form  a  rectangular  triangle,  as  in  Fig.  108,  so  that  any  two  of  them 
check  the  third.  Repeat  this  experiment  with  different  values  of 
current. 

The  influence  of  various  factors  on  the  impedance  should  now  be 
investigated,  as  shown  in  Figs.  104  to  106.  The  two  values  to  be  meas- 
ured are:  The  total  impedance  z  and  the  ohmic  resistance  r.  The 
reactance  x  is  figured  out  either  graphically,  as  in  Fig.  108,  or  from  the 
relation  x  =  Vz2  —  r2.  During  this  investigation  the  resistance  r  is 
kept  constant.  It  will  be  noted  that  its  influence  -becomes  more 
pronounced,  the  smaller  the  reactance.  It  is  also  advisable  to  inves- 
tigate the  converse  case  (Fig.  110),  the  reactance  being  kept  constant 
and  the  resistance  gradually  increased.  It  will  be  seen  that  the  total 
impedance  increases  more  slowly  than  the  resistance.  The  geometrical 
reason  for  this  may  be  seen  from  Fig.  111. 
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105.  Triangle  of  Voltages.  —It  was  shown  in  §  103  that  a  resistance 
and  a  reactance  cannot  be  added  arithmetically,  but  must  be  added 
geometrically  at  right*  angles;  also  that  a  drop  of  40  volts  across  a 
reactance,  and  of  30  volts  across  a  resistance  in  series  with  it,  gives  a 
total  drop  of  only  50  volts,  instead  of  70  volts.  This  latter  relation 
is  deduced  directly  from  Fig.  108,  by  multiplying  the  three  sides  of  the 
triangle  by  the  effective  current  %  (Fig.  109).  This  gives  a  triangle  of 
the  effective  values  of  voltage,  across  the  resistance,  across  the  react- 
ance and  across  the  total  impedance.  The  triangle,  Fig.  109,  gives  the 
same  information  in  regard  to  the  electrical  relations  in  the  circuit,  as 
the  set  of  sine  waves  in  Fig.  102.  The  angle  of  lag  <f>  is  also  represented 
in  the  triangle  in  its  true  magnitude.  The  diagram  is  completed  by 
drawing  a  line  which  represents  the  current  i.  This  line  is  in  phase 
with  the  ohmic  drop  ir,  since  the  two  corresponding  sine  waves  reach 
their  maxima  simultaneously. 

Lines  showing  effective  values  and  phase  relation  of  alternating 
electrical  quantities  are  called  vectors;  thus  Fig.  109  is  a  vector  diagram 
of  currents  and  voltages  in  an  inductive  circuit.  Such  diagrams  are 
now  used  almost  exclusively  in  place  of  sine  waves.  They  give  the  same 
information,  and  are  much  easier  to  read  and  to  understand. 

106.  Phase  Angle  and  Power  Factor.  — The  phase  angle  <f>,  Fig. 
109,  is  of  great  importance  in  determining  the  average  power  spent 
in  a  circuit.  The  actual  power  varies  from  moment  to  moment  with 
the  instantaneous  values  of  current  and  voltage.  When  inductance  is 
present,  the  power  supplied  becomes  at  times  even  negative;  this  is 
when  the  inductance  gives  back  the  stored  electromagnetic  energy 
(see  f f  96  and  97).  For  practical  purposes  only  the  average  value  of 
power,  during  one  complete  period  of  alternating  current,  is  of  impor- 
tance. 

If  e  is  an  instantaneous  value  of  the  voltage  and  i  the  corresponding 
value  of  the  current,  as  in  §  103,  the  average  power  during  the  time  T 
of  one  cycle  is 

-if  eidt. 
TJ0 


w 


Substituting  the  value  e  from  the  equation  (6),  we  get 


w 
or 


'-£(f)>v. 
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The  first  term  on  the  right  side  is  =  0  because  i  is  the  same  lor  any 
two  moments,  differing  by  T.  This  shows  that  with  periodically 
fluctuating  currents,  no  power  is  permanently  lost  or  gained  in  a  react- 
ance; it  is  merely  stored  part  of  each  cycle  and  returned  to  the  circuit 
during  another  part  of  the  cycle.  The  power  lost  in  the  resistance  is 
represented  by  the  familiar  expression  rP^. 

For  circuits  in  which  voltage  and  current  vary  according  to  sine  law 
another  expression  for  power  is  obtained  by  substituting  E  Cos  <f>  in 
place  of  ir  (Fig.  109).    We  find 

w^Etf.wr.    Coa<f> (13) 

If  the  circuit  is  non-inductive  Cos  </>  =  1  and  the  power  is  represented 
by  the  product  E^Atf.  This  latter  product  is  also  called  the  apparent 
power.  Cos  <f>  is  called  the  power  factor,  for  it  is  the  factor  by  which 
the  apparent  power  must  be  multiplied  in  order  to  get  the  true  power 
w.    Another  proof  for  the  expression  (13)  will  be  found  in  §  75. 

By  having  in  the  circuit  an  indicating  wattmeter  W  (Fig.  107)  true 
watts  may  be  read  directly  in  addition  to  the  current  and  the  voltages, 
and  the  power  factor  calculated  from  (13).  Another  way  of  deter- 
mining Cos  <f>  is  from  the  triangle  of  voltages  (Fig.  109).  If  the  instru- 
ments are  in  calibration,  the  two  methods  yield  the  same  result. 

107.  EXPERIMENT  5-D.  —Power  Relations  with  Resistance 
and  Reactance  in  Series.  —  The  purpose  of  the  experiment  is  to  make 
clear  the  relations  deduced  in  §§  105  and  106.  The  connections  are 
shown  in  Fig.  107.  A  voltmeter  switch  T  is  used,  by  means  of  which 
the  voltmeter  may  be  made  to  indicate  at  will  either  the  total  voltage, 
the  voltage  across  the  inductance,  or  across  the  resistance.  The  connec- 
tions to  this  switch  are  shown  more  in  detail  in  Fig.  113.  The  resist- 
ance r0  in  Fig.  107  is  meant  to  represent  the  small  ohmic  resistance 
unavoidable  in  the  reactance  coil  x. 

Select  by  trials  such  values  of  r  and  x  as  will  give  about  the  same 
drop  across  BC  as  across  CD;  read  amperes,  volts  and  watts.  The  volt- 
meter connection  is  shown  to  include  the  drop  in  the  ammeter;  this  is 
advisable  in  order  to  have  the  same  total  voltage,  as  is  impressed  across 
the  potential  coil  of  the  wattmeter.  The  resistance  of.  the  ammeter 
must  thus  be  included  in  the  value  of  r.  Ohmic  resistance  is  measured 
at  the  close  of  the  experiment  by  the  drop-of-potential  method,  using 
direct  current.  A  double-throw  switch  D,  shown  in  Fig.  113,  is  con- 
venient for  changing  from  .alternating  to  direct  current.  Take  several 
sets  of  readings,  varying  the  applied  voltage  by  the  rheostat  ft.  Repeat 
the  same  test  with  different  values  of  r  and  x. 
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Report.  (1)  Plot  amperes,  watts  and  component  volts  to  total 
volts  as  abscissae  (Fig.  112). 

(2)  Plot  corrected  values  of  pure  resistance  drop  and  pure  reactance 
drop,  as  shown  by  dotted  lines.    This  is  done  by  adding  ir0  drop  to 


Fig.  112.     Variations  in  amperes,  watts,  etc.,  consumed  in  the  circuit  shown 
in  Fig.  107,  with  the  change  in  impressed  voltage. 

ir  and  subtracting  the  total  ohmic  drop  geometrically  from  the  applied 
voltage. 

(3)  Show  for  a  few  points  selected  from  the  curves,  that  the  power  read 
on  the  wattmeter  checks  with  the  calculated  expression  (r  +  rQ) .  z2. 

(4)  Check  the  values  of  Cos  <f>  calculated  as  the  ratio  of  true  watts 
to  apparent  watts  [expression  (13)]  with  those  determined  from  the 
triangle  of  voltages  (Fig.  109). 

108.  Impedances  in  Series.  — The  relations  deduced  in  §§  103  to 
107  may  now  be  extended  to  the  case  of  two  or  more  resistances  and 
reactances  connected  in  series  (Fig.  113).  Such  conditions  are  met 
in  practice  when,  for  instance,  both  the  line  and  the  current-consuming 
devices  possess  resistance  and  reactance,  and  it  is  desired  to  calculate 
the  station  e.m.f.  and  the  power  factor  of  the  generator  load. 

The  relations  are  shown  in  Fig.  114;  the  diagram  is  constructed  for  a 
given  current  i  (horizontal  vector).  The  total  voltage  drop  across 
AC  (Fig.  113)  does  not  depend  on  the  order  in  which  the  resistances 
and  the  reactances  are  connected.  Therefore,  we  may  substitute  an 
equivalent  resistance  R  =  rx  +  r2  for  the  two  separate  resistances  rx 
and  r2.  In  a  similar  way  an  equivalent  reactance  X  =  xx  +  x2  may 
be  introduced.     This  gives  th    triangle  A  PC  analogous  to  that  shown 
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in  Fig.  108;  AC  is  the  combined,  or  equivalent  impedance  Z  of    the 
circuit.     Multiplying  Z  by  i,  according  to  equation    (12),  the  total 


Fig.  113.    Impedances  in  series. 

voltage  AC  is  obtained.  The  triangle  AMB  shows  the  resistance, 
the  inductance,  and  the  impedance  between  the  points  A  and  B  of  the 
circuit;  the  triangle  BNC  gives  the  same  values  for  the  part  of  the 


M   M' 


Fig.  114.     Electrical  relations  with  two  impedances  in  series. 

circuit  between  B  and  C.  The  triangle  A  PC  is  a  combination  of 
these  triangles.  It  may  also  be  said,  that  the  impedance  Z  is  the  geo- 
metric sum  of  the  impedances  z\  and  z2. 

By  changing  the  scale  of  the  diagram  in  the  ratio  of  AC  -*-  A  C  a 
diagram  ABfC  of  component  voltages  is  obtained,  as  shown  by  dotted 
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lines.  AM'  is  the  voltage  across  rx;  M'P'  is  that  across  r2.  M'B'  = 
P'N'  is  the  voltage  across  xx  and  JV'C"  is  that  across  x2.  The  voltage 
across  AB  (Fig.  113)  is  represented  by  the  vector  AB';  the  voltage 
across  BC  by  B'C".  It  may  be  said,  that  AC  \a  the  geometric  sum  of 
AB'  and  B'C.  The  angles  of  phase  displacement  between  the  current 
and  the  various  voltages  may  also  be  measured  on  the  diagram. 

If  the  terminal  voltage  AC  is  given  instead  of  the  current,  the  dia- 
gram is  constructed  on  the  basis  of  a  current  arbitrarily  assumed;  then 
the  values  obtained  are  reduced  or  increased  in  the  ratio  of  the  given 
voltage  to  that  found  by  construction. 

109.  The  Three-Voltmeter  Method  for  Measuring  Power.  — A 
special  case  of  the  diagram  shown  in  Fig.  114  is  represented  in  Fig.  115. 
The  reactance  x2  =»  0,  so  that  one  of  the  impedances  is  reduced  to  a  non- 


— i  t> **B 


Fio.  115.     Specific  case  of  the  diagrams  shown  in  Figs.  113  and  114,  when  the 
reactance  x2  is  zero. 

itfductive  resistance  r2;  in  other  respects  both  diagrams  are  identical. 
This  case  is  of  considerable  practical  importance,  as  the  method  can  be 
used  for  determining  power  in  an  inductive  circuit,  without  the  use  of 
a  wattmeter.  Let  BC  (Fig.  113)  be  an  apparatus,  such  as  a  single- 
phase  motor,  and  let  it  be  necessary  to  determine  watts  power  con- 
sumed in  it,  without  using  a  wattmeter.  According  to  equation  (13), 
the  power  depends  on  the  current,  the  voltage,  and  the  phase  displace- 
ment between  the  two.  The  current  and  the  voltage  are  measured 
directly;  the  phase  displacement  may  be  determined  from  the  diagram, 
Fig.  115. 

For  this  purpose,  a  non-inductive  resistance  r2  is  connected  in  series 
with  the  apparatus  BC;  the  three  voltages  AB,  BC  and  AC  (Fig.  115) 
are  measured,  as  is  the  current  i.  The  resistance  r2  being  non-inductive, 
its  drop. A E  i©  in  phase  with  the  current,  so  that  the  triangle  ABC  may 


/ 
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be  constructed  in  its  true  phase  relation  to  the  current  i.  This  gives 
the  desired  phase-angle  <f>  at  B.  Projecting  BC  on  i  gives  E  Cos  0; 
this  value  being  multiplied  by  i  gives  the  required  power. 

If  the  value  of  r2  is  known,  it  is  not  necessary  to  have  an  ammeter, 
as  the  current  can  be  calculated  as  the  ratio,  — voltage  ■*•  resistance. 

This  method  is  called  the  three-voltmeter  method,  because  power,  or 
at  least  the  phase-angle,  is  determined  from  three  voltmeter  readings. 
It  has  been  used  to  some  extent  in  former  years,  but  is  now  applied  in 
exceptional  cases  only,  since  indicating  wattmeters  have  come  into 
universal  use. 

110.  EXPERIMENT  5-E.  —Voltage  and  Power  Relations  with 
Impedances  in  Series.  —  The  connections  are  shown  in  Fig.  113,  save 
that  a  wattmeter  should  be  added  as  in  Fig.  107.  (a)  Adjust  the 
desired   values  of  resistances  and   reactances,  and  take  readings  of 


Fig.  116.     Two  impedances  in  parallel. 

volts,  amperes  and  watts.  Bead  total  watts,  and  watts  across  each 
impedance,  separately.  Gradually  increase  the  applied  voltage  by  regu- 
lating the  resistance  R;  take  similar  readings  with  each  setting  of  the 
rheostat.  Put  on  direct  current  and  measure  the  ohmic  resistances 
by  the  drop-of- potential  method,  (b)  Repeat  the  same  experiment 
with  different  values  of  resistances  and  reactances,  (c)  For  the 
same  impedance  determine  the  power  consumed  in  it,  first  using  a 
wattmeter,  and  then  by  the  three-voltmeter  method. 

Report.  Plot  the  results  to  total  volts  as  abscissae.  Draw  the  diagram 
of  voltages  AM'B'  N'C  (Fig.  114)  and  check  the  cosines  of  the  angles 
with  those  calculated  from  the  wattmeter  readings.  Check  the  power 
determined  by  the  three- volt  meter  method  with  that  read  on  the  watt- 
meter, and  with  calculated  i*r. 

111.  Impedances  in  Parallel.  — The  connections  are  shown  in  Fig. 
116.  It  is  required  to  find  the  total  line  current  i  and  its  phase  rela- 
tion to  the  voltage  E  applied  between  M  and  N.    Let  uslonsi  consider 
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the  simplest  case,  when  one  branch  has  a  pure  inductance  x  only;  the 

other  merely  an  ohmic  resistance  r   (Fig.  117).     The  current  in  the 

first  branch  is  i\  —  E  +  x 

and  lags  90  degrees  be-  If 

hind  E;  the   current   in 

the    second     branch    is 

•I 

t2  =  E  •*-  r,  and    is  in  . 
phase  with  E.    The  total 
current  i  is  the  sum  of 
the  two    and   is    repre- 
sented  in     the    diagram      Fig.  117.    Vector  diagram  of  currents,  with  resist- 
by  the  diagonal   of    the  ance  and  reactance  connected  in  parallel, 
rectangle.     It  will  be  easily  seen  that  with  z  the  equivalent  impedance 
of  the  circuit 

1 


er 


(14) 


as  distinguished  from  the  expression  (11),  when  a  resistance  and  a 
reactance  are  connected  in  series. 

When  resistance  and  reactance  are  present  in  both  parallel  branches, 
the  two  component  currents  n  and  i2  are  lagging  behind  the  impressed 
e.m.f.  OA  (Fig.  118)  by  certain  angles  </>i  and  </>2.    The  total  current 

i  =  OC  is  the  geometric  sum  of  the  two 
and  lags  behind  OA  by  the  angle  </>. 

The    same     relations    are    shown    in 

greater  detail  in  Fig.  119.     The  applied 

voltage   between  the  points  M  and  N 

(Fig.  116)  is  represented  by  the  vector 

Fig.  118.  Component  currents  and    OE.     The  voltages  across  the  resistance 

total  current  in  the  case  of  two  an(]  across  the  reactance  in  branch  1  are 

impedancesconnectedinparaJlel.   xepreflented  by  the  triangle  Qp^  as  in 

Fig.  109.  OPi  is  the  drop  in  the  resistance  rx ;  PXE  is  that  in  the  reactance 
xv  The  current  i\  being  in  phase  with  the  ohmic  drop  is  represented 
by  a  vector  OC\.  The  triangle  OP2E  gives  similar  relations  for  the 
branch  2.  If  there  are  more  branches  in  parallel,  a  triangle  may  be 
constructed  for  each  branch.  The  apexes  P\}  P2}  ....  of  all  such 
triangles  lie  on  a  semicircle  drawn  on  OE  as  a  diameter.  This  is 
because  all  the  triangles  are  rectangular,  and  all  have  OE  for  a  hypothe- 
nuse.  The  total  current  i  in  the  line  is  a  geometrical  sum  of  ix  and  i2 
and  is  represented  by  the  vector  OC.  If  there  are  more  than  two 
branches  in  parallel,  the  vectors  of  the  component  currents  are  added 
together  as  if  they  were  mechanical  forces  radiating  from  the  point  0. 
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112.  EXPERIMENT  5-F.  — Study  of  Impedances  in  Parallel.— 

The  purpose  of  the  experiment  is  to  illustrate  the  relations  described  in 


O  -e 

Fig.  110.    Vector  diagram  of  currents  and  voltages,  corresponding  to  the  connections 

in  Fig.  116. 

§  111.  The  connections  are  shown  in  Fig.  120;  they  are  identical  with 
those  in  Fig.  116,  except  that  one  ammeter  is  used  for  all  branches, 
being  connected  to  a  polyphase  board  (see  §  49).  A  wattmeter  is 
provided  for  determining  phase  relations,     (a)   Begin  with  the  sim- 


W 
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Fig.  120.    Diagram  of  connections  for  investigating  two  impedances  in  parallel. 

plest  case,  illustrated  in  Fig.  117,  when  one  branch  contains  only 
inductance,  the  other  only  resistance.  Measure  the  throe  currents, 
volts  and  watts.  Gradually  increase  the  voltage  and  take  similar 
readings.  Finally  measure  the  resistance  r  with  direct  current,  (b) 
Repeat  a  similar  experiment  with  other  values  of  resistance  and  react- 
ance, (c)  Take  the  more  general  case  of  r  and  x  in  both  branches, 
as  in  Fig.  116.  Read  amperes,  watts  and  volts;  also  component  voltages 
in  each  branch. 

Report.  (1)  Show  that  the  three  currents  form  a  rectangular  tri- 
angle, when  pure  resistance  is  connected  in  parallel  with  pure  induct- 
ance; check  the  phase-angle  <f>  with  that  determined  by  the  wattmeter. 
Also  show  that  the  total  power  corresponds  to  &r  in  the  resistance, 
and  that  no  power  is  lost  in  the  reactance. 
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(2)  Draw  several  diagrams,  as  in  Fig.  118,  and  show  that  the  rela- 
tions obtained  from  the  volt  and  ampere  readings  check  with  those 
calculated  from  the  wattmeter  readings. 

(3)  Construct,  for  one  set  of  readings,  a  complete  diagram,  as  in  Fig. 
119. 

NOTE.  Resistance  r1?  shown  in  Fig.  120,  by  dotted  lines,  is  meant 
to  represent  the  influence  of  the  core  loss  in  the  reactance  coil.  A  coil 
with  iron  loss  in  its  core  is  electrically  equivalent  to  an  ideal  coil  with 
a  high  resistance  shunted  around  it. 

113.  EXPERIMENT  5-G.  —Motors  and  Lamps  Connected  in 
Parallel  to  the  Same  A.  C.  Supply. — This  experiment  is  a  practical  illus- 
tration of  the  case  discussed  in  §§  111  and  112.  The  load  in  most  power 
plants  consists  partly  of  incandescent  lamps,  which  constitute  a  prac- 
tically non-inductive  load,  and  of  induction  motors  having  a  lower 
power  factor.  The  resultant  load  in  the  power  house  is  the  sum  of 
the  power  taken  by  the  lamps  and  of  that  taken  by  the  motors;  the 
resultant  power  factor  lies  somewhere  between  the  average  power 
factor  of  the  motors,  and  100  per  cent. 

In  studying  the  electrical  relations  between  inductive  and  non- 
inductive  load  it  is  not  necessary  to  have  the  experiment  arranged  on  a 
laige  scale,  since  the  relations  are  the  same  at  5  amperes  as  they  are 
at  5000  amperes.  A  laboratory  experiment  may  be  considered  as 
representing  the  actual  conditions  when  performed,  for  instance,  on  a 
1  hp.  motor  and  some  10  to  15  incandescent  lamps  connected  in  parallel 
with  it.  By  multiplying  the  results,  say  by  1000,  we  get  the  relations 
taking  place  in  a  city  having  about  500  hp.  in  motors  and  from  10,000 
to  15,000  incandescent  lamps  connected  to  the  electric  distributing 
system. 

The  load  and  the  power  factor  vary  in  actual  service  in  innumerable 
combinations.  To  make  the  problem  more  definite  select  two  extreme 
cases:  (1)  All  the  lamps  are  turned  on;  motor  load  increases  from 
zero  to  maximum.  (2)  All  the  motors  are  running  at  full  load;  the 
lamps  are  gradually  turned  on.  The  relations  taking  place  in  inter- 
mediate cases  can  be  readily  understood  from  the  results  of  these  two 
extreme  conditions. 

Connect  the  lamps  and  the  motor  in  parallel  to  the  power  supply, 
as  in  Fig.  120,  and  arrange  switches  and  instruments  to  read  watts  and 
amperes  supplied  to  the  lamps,  to  the  motor,  and  to  both.  The  voltage 
must  be  kept  as  nearly  constant  as  possible  during  the  whole  experi- 
ment. Take  two  sets  of  readings,  under  the  conditions  described  in 
(1)  and  (2)  above. 
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Report.  The  results  should  be  plotted  to  total  watts  as  absciss©; 
plot  kw.  lamp  load,  kw.  motor  load,  lamp  current,  motor  current,  total 
current,  resultant  power  factor  and  motor  power  factor;  also  calculate 
and  plot  wattless  amperes.  Two  separate  sets  of  curves  should  be 
plotted:  one  for  constant  motor  load,  the  other  for  constant  lamp  load. 
The  diagram,  Fig.  118,  is  simplified  in  this   case  to  that  in  Fig.  121 

because  the  load  in  one  of  the 
branches  is  non-inductive. 
Check  a  few  points  of  the  above 
curves  by  means  of  this  dia- 
gram. For  instance,  take  the 
observed  component  currents, 
find  from  the  diagram  the  total 
current  and  the  resultant  power 
factor,  and  compare  them  with 
the  values  directly  observed.  Or  take  the  observed  total  current  and 
one  of  its  components,  and  determine  from  the  diagram  the  other 
component  current. 

1 14.  Mutual  Induction.  —The  reactance  of  a  coil,  such  as  Ct  (Fig. 
122),  is  reduced  by  the  proximity  of  another  coil  C2,  if  the  latter  is 


B  d^ 

Fig.  121.  Current  relations  when  an  induc- 
tive load  and  a  non-inductive  load  are  con- 
nected in  parallel  (specific  case  of  Fig.  118). 
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Fig.  122.     Effect  of  mutual  induction  on  the  electrical  relations  in  a  circuit 


short-circuited  upon  itself.  The  reason  is,  that  the  flux  produced  by 
the  first  coil  induces  currents  in  the  secondary  coil.  These  currents 
oppose  the  action  of  the  primary  currents,  reduce  the  flux,  and  conse- 
quently the  counter-e.m.f.  produced  by  the  first  coil. 

The  effect  of  the  secondary  coil  depends,  among  other  factors,  upon  its 
distance  from  the  primary  coil  and  on  the  character  of  the  circuit  on 
which  it  is  closed  (resistance  r2  and  reactance  #2)-  The  action  is 
greatly  intensified  if  both  coils  are  mounted  on  an  iron  core,  /.  This 
interaction  of  two  coils,  without  direct  metallic  connection,  is  called 
mutual  induction. 

In  some  practical  cases,  mutual  induction  is  highly  desirable;  thus 
the  notion  of  transformers  (Chapter  XI)  is  based  entirely  upon  it.     In 
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other  cases  it  has  a  harmful  effect;  for  instance,  when  a  power-trans- 
mission line  parallels  a  telephone  line,  currents  are  induced,  which  inter- 
fere with  the  transmission  of  speech. 

The  electrical  relations  between  two  circuits  having  a  mutual  induc- 
tion are  usually  too  complicated  to  be  expressed  by  practical  formulae 
or  diagrams;  it  is  merely  desired  that  the  student  understand  the 
physical  character  of  the  phenomenon,  and  the  influence  of  the  factors 
entering  into  it.  This  can  be  done  as  is  explained  in  the  following 
experiment. 

115.  EXPERIMENT  5-H.  —  Effect  of  Mutual  Induction  on  the 
Reactance  of  a  Circuit.  —  The  phenomenon  described  in  the  preceding 
paragraph  may  be  studied  experimentally  *  with  apparatus  as  shown 
in  Fig.  122.  The  coil  Cx  under  test  is  denoted  the  "  Primary  Coil." 
It  is  connected  to  an  A.  C.  supply  with  an  ammeter  Ax,  a  voltmeter  V, 
and  a  wattmeter  W  in  the  circuit,  as  usual.  Another  coil  C2  marked 
"Secondary  Coil  "  is  closed  on  a  circuit  consisting  of  a  resistance  r2, 
reactance  x2  and  an  ammeter  A2.  The  secondary  coil  may  be  placed 
at  any  desired  distance  from  the  primary  coil.  In  order  to  increase 
the  inductive  action  between  the  two  coifs,  they  may  both  be  put  on 
a  common  iron  core  /.  To  investigate  the  influence  of  the  position  of 
the  secondary  coil,  short-circuit  it  upon  itself  through  the  ammeter  A2t 
and  bring  it  as  close  as  possible  to  the  primary  coil  (position  "  O  "). 
Adjust  the  primary  current  by  the  resistance  R  to  the  maximum  safe 
limit;  read  volts,  amperes  and  watts.  Gradually  move  C2  away,  keep- 
ing the  primary  volts  constant.  Take  readings  until  the  secondary 
coil  is  removed  so  far  that  its  influence  on  the  primary  circuit  is  hardly 
noticeable.     Finally  open  its  circuit  and  again  read  the  primary  values. 

As  the  coils  are  separated,  the  flux  bet.ween  them  varies.  The  values 
of  the  flux  can  be  ascertained  by  an  exploring  coil  E  connected  to  a 
separate  voltmeter.  The  coil  E  is  moved  as  shown  by  dotted  lines, 
and  the  variations  in  the  flux  measured  by  the  variations  in  the  induced 
e.m.f.  The  voltmeter  current  is  so  small,  that  the  presence  of  the 
exploring  coil  does  not  affect  the  electrical  relations  between  the 
primary  and  the  secondary  coils. 

Now  investigate  the  influence  of  the  character  of  the  secondary 
circuit  on  the  mutual  inductance.  Place  the  secondary  coil  at  a  short 
distance  from  the  primary  coil,  and  take  several  readings  of  volts, 
amperes  and  watts,  varying  the  values  of  x2  and  r2.  Maintain  either 
primary  volts  or  primary  amperes  constant,  in  order  to  have  a  basis 
for  comparison  of  results. 

Report.    Plot  results  to  positions  of  the  secondary  coil  as    abscissae 
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(Fig.  123).  Plot  the  effect  of  varying  secondary  inductance  and 
resistance;  use  as  abscissae  the  quantity  which  was  varied.  Give  a 
physical  explanation  of  the  observed  relations. 

116.   Measurement  of  Inductance  with  Wheatstone  Bridge.— 
Small  inductances,  such  as  are  used  in  telephone  and  telegraph  work, 


i — j — i — s — ? — r 

Positions  of  Secondary  Coil 

Fig.  123.  Curves  showing  the  effect  of  mutual  induction,  with  the  connections  as 

per  Fig.  122. 

and  in  scientific  research,  are  usually  measured  by  means  of  a  Wheat- 
stone  bridge,  with  direct  or  interrupted  currents.  The  various  methods 
employed  may  be  found  in  physical-laboratory  manuals  and  in  text- 
books on  electricity  and  magnetism. 


CHAPTER  VI. 
ELECTROSTATIC  CAPACITY. 

117.  Physical  Conception  of  Electrostatic  Capacity. — Imagine 
two  metallic  plates  C  (Fig.  124)  brought  into  proximity  to  each  other, 
but  separated  by  an  air  space. 

If  the  plates  are  connected  to  a  source  of  electric  potential,  they  will 
be  charged  with  equal  and  opposite  quantities  of  electricity.  This 
combination  of  two  plates  with  a  dielectric  intervening  is  called  an 
electric  condenser.  The  quantity*of  electricity  which  it  is  able  to  store 
or  "condense"  under  definite  conditions  is  called  its  electrostatic 
capacity.  The  unit  of  capacity  in  the  ampere-volt-ohm  system  is 
called  the  "farad."  A  condenser  is  said  to  have  a  capacity  of  one 
farad,  if  one  coulomb  of  electricity  is  stored  on  each  plate,  at  a  pressure 
of  one  volt  between  the  plates.    The  coulomb  is  the  quantity  of  elec- 


Fig.  124.  A  convenient  method  for  varying  the  voltage  at  the  terminals  of  a  condenser. 

tricity  supplied  by  a  current  of  one  ampere  during  one  second. 
Originally  the  ampere  was  defined  as  a  coulomb-per-second,  but  of 
late  years  the  ampere  has  become  so  much  more  generally  used  than  the 
coulomb,  that  it  seems  legitimate  to  define  the  coulomb  by  means  of 
the  ampere. 

The  farad  may  also  be  defined  by  the  volt  and  the  ampere  without 
introducing  the  conception  of  the  coulomb.  A  condenser  /wis  the  capa- 
city of  one  farad  if  it  takes  a  charging  current  of  1  ampere  when  the 
voltage  at  its  terminals  varies  at  a  rate  of.  1  volt  per  second.  The  farad  is 
too  large  a  unit  for  practical  purposes;  therefore  capacity  of  condensers 
is  usually  measured  in  millionth  parts  of  a  farad,  or  in  microfarads. 

The  presence  of  capacity  in  an  electric  circuit  is  manifested  by  some 
of  the  current  being  used  for  charging  it,  instead  of  flowing  through  the 
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circuit;  if  the  applied  voltage  is  alternating,  the  charge  periodically 
absorbed  by  the  condenser  is  given  out  during  the  periods  of 
low  e.m.f . 

The  following  analogy  may  make  clearer  the  action  of  a  condenser. 
Imagine  a  water  supply  pipe  with  a  branch  opening  to  which  an  elastic 
bag  is  connected  —  bag  as  well  as  the  pipe  being  filled  with  water. 
As  long  as  the  pressure  remains  constant,  the  presence  of  the  bag 
does  not  interfere  with  the  regular  flow  of  water  through  the  pipe.  But 
should  the  pressure  in  the  pipe  increase,  part  of  the  water,  instead  of 
flowing  through  the  pipe,  enters  the  bag  and  stretches  it,  until  its  elas- 
ticity balances  the  increased  pressure.  Should  the  pressure  in  the  pipe 
decrease,  the  elasticity  of  the  bag  forces  part  of  the  water  back  into  the 
pipe.  Thus,  if  the  pressure  in  the  pipe  varies  periodically,  there  is  a 
periodic  flow  of  water  in  and  out  of  the  bag,  and  the  conditions  of  flow 
become  more  complicated  than  if  the  pipe  were  solid. 

In  a  similar  way,  the  flow  of  current  in  alternating  circuits  is  modified 
by  electrostatic  capacity.  When  the  voltage  increases,  extra  current 
flows  through  the  line  to  charge  the  condenser;  when  the  voltage  is  on 
the  decrease,  the  condenser  is  partly  discharged  through  the  line.  In 
long  cables  and  overhead  transmission  lines,  capacity  is  not  concen- 
trated in  one  place,  but  is  distributed  along  the  line.  Each  element  of 
the  line  acts  as  one  plate  of  a  small  condenser,  the  earth,  or  another 
wire  of  the  same  line  acting  as  the  other  plate.  To  extend  the  above 
analogy  to  this  case,  the  pipe  itself  must  be  imagined  as  made  of  an 
elastic  material,  so  that  its  cross-section  varies  with  the  applied 
pressure. 

118.  Electrostatic  Capacity  in  Practice.  — The  most  important 
practical  cases  in  which  capacity  is  brought  into  play  are: 

(1)  In  submarine  telegraph  cables,  where  capacity  is  so  large  that 
an  appreciable  time  elapses  before  any  current  reaches  the  further  end 
of  the  cable.  The  first  few  moments  after  the  circuit  is  closed,  all  the 
current  is  used  for  charging  the  cable  itself,  so  as  to  bring  it  up  to  the 
required  potential.  This  circumstance  limits  the  speed  of  transmission 
of  signals. 

(2)  In  high-tension  cables  and  very  long  overhead  transmission  lines, 
capacity  has  quite  a  noticeable  disturbing  effect  on  the  transmission  of 
power,  causing  at  times  an  abnormal  rise  of  potential. 

(3)  Electrostatic  capacity  in  telephone  lines  considerably  affects 
the  quality  of  speech.  To  minimize  this  effect,  telephone  cables  are 
constructed  so  as  to  have  as  little  capacity  as  possible.  Inductance 
coils  are  sometimes  inserted  in  long  telephone  lines  to  neutralize  frhe 
effect  of  capacity. 
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(4)  Condensers  are  useful  in  cases  wheve  direct  current  should  not 
Sow  through  a  certain  part  of  the  circuit,  while  alternating  currents 
should  pass  through  it  with  as  little  opposition  as  possible.  Con- 
densers are  used  for  this  purpose  in  central  energy  telephones  (see 
Figs.  534  and  536). 

(5)  Condensers  are  an  indispensable  part  of  wireless  telegraph  out- 
fits; also  in  other  cases  where  it  is  necessary  to  produce  electric  oscil- 
lations. 

(6)  Condensers  are  useful  in  many  electrical  investigations  as  auxil- 
iary means  for  measuring  various  quantities,  eliminating  higher  har- 

7nics,  etc. 
119.  Factors  Affecting  the  Capacity  of  a  Condenser. —The 
capacity  of  a  condenser,  or  its  ability  to  store  electric  charges,  depends 
on  its  form  and  dimensions,  and  on  the  nature  of  the  dielectric  between 
the  plates.  Increasing  the  surface  of  the  plates  C  (Fig.  124)  increases 
the  capacity  in  the  same  proportion,  for  the  reason  that  each  element  of 
area  of  one  plate  binds  a  certain  quantity  of  electricity  on  the  corre- 
sponding element  of  the  other  plate;  therefore  increasing  the  surface  of 
the  plates  increases  the  total  charge  which  the  condenser  can  hold 
for  a  certain  pressure  at  its  terminals.  Bringing  the  plates  closer 
together  also  increases  the  capacity,  because  the  attraction  between 
opposite  charges  is  increased;  this  permits  larger  amounts  of  electricity 
to  be  held  mutually  bound. 

Capacity  is  also  increased  by  substituting  various  insulating  com- 
pounds for  air.  It  seems  that  electric  charges  attract  and  hold  each 
other  more  easily  through  these  compounds  than  through  the  air. 
Thus,  substituting  paraffine  for  air  increases  the  capacity  of  a  con- 
denser about  twice;  the  use  of  hard  rubber  in- 
creases it  2.5  times,  etc.  The  number  of  times 
by  which  capacity  is  increased  by  the  substitu- 
tion of  some  other  insulating  material  for  air 
is  called  the  specific  inductive  capacity  of  the 
insulating  material.  It  is  about  2.5  for  rubber, 
about  2  for  paraffine,  and  varies  between  2  and 
3  for  many  other  substances. 


•  ^»      ~  ,.  -   ^       j  mi  Fig.  125.      Interposition 

120.  Construction  of  Condensers.  — The  of  melal  sheets  iu  a 
capacity  of  condensers  used  in  practical  work  is  condenser,  to  increase 
too  large  to  be  obtained  by  two  plates,  unless  its  capacity, 
the  plates  be  given  enormous  dimensions.  It  therefore  becomes 
necessary  to  use  several  plates  (Fig.  125)  connected  alternately  to 
opposite  terminals.  An  air-insulated  condenser  of  this  kind  is  shown  in 
Fig.  126;  it  is  used  as  a  standard  for  measuring  small  capacities.     For 
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larger  capacities,  plates  must  be  brought  much  closer  together,  and 
their  number  greatly  increased.  Besides,  it  becomes  necessary  to -use 
a  dielectric  other  than  air,  since  the  thin  metal  sheets  are  not  strong 


Fig.  126.     A  standard  air  condenser. 

enough  to  support  themselves.  This  also  increases  the  capacity  of 
the  condenser  from  two  to  three  times,  because  of  the  higher  specific 
inductive  capacity  of  dielectrics  other  than  air. 

Mica  is  used  for  insulation  in  standard  condensers;  also  in  those 
intended  for  high  voltages.  Such  condensers  consist  of  sheets  of  tinfoil 
with  sheets  of  mica  between  them.     The  whole  is  firmly  pressed  together 


Fig.  127.     An  adjustable  mica  condenser. 

in  order  that  the  distance  between  the  plates  and  consequently  the 
capacity  shall  remain  unaltered.  A  more  satisfactory  method  than 
using  tinfoil  is  to  have  each  sheet  of  mica  coated  chemically  with  a  thin 
film  of  silver.     A  standard  mica-condenser  is  shown  in  Fig.  127;  it 


Chap.  6] 


ELECTROSTATIC  CAPACITY. 


143 


is  subdivided  into  sections  of  0.05,  0.05,  0.2,  0.2  and  0.5  microfarad. 
By  simple  combinations  of  plugs,  several  values  of  capacity  may  be 
obtained  between  0.05  and  1  microfarad  (Fig.  128). 

Mica  condensers  are  quite  expensive;  therefore,  where  high  accuracy 
and  particularly  high  insulation  are  not  required,  sheets  of  tinfoil  are 


Fig.  128.     Arrangement  of  sections  in  the  condenser  shown  in  Fig.  127. 

insulated  with  paper  instead  of  mica.  Each  sheet  of  paper  is  dipped  in 
hot  paraffine  during  the  construction,  and  the  whole  is  immersed  in 
paraffine  after  completion,  in  order  to  exclude  air.  This  makes  the 
condenser  a  solid  mass,  and  insures  constant  distances  between  the 
sheets  of  tinfoil.     A  paper  condenser  for  voltages  up  to  500  volts,  ad- 


Fig.  129.     A  simple  paper  condenser. 


justed  within  3  per  cent,  is  shown  in  Fig.  129.     Paper  condensers  may 
abo  be  subdivided  into  sections,  as  in  Fig.  127. 

V  121.  Condensers  in  Series  and  in  Parallel,  —  Condensers  may  be 
connected  in  series  and  in  parallel,  like  resistances,  and  it  is  necessary 
to  know  how  to  calculate  their  combined  capacity. 

(a)  Condensers  in  parallel.  Suppose  several  condensers  (Fig.  130) 
of  capacity  cit  c2,  c3,  ....  to  be  connected  in  parallel  across  a  line 
having  a  pressure  E.  The  problem  is  to  find  the  capacity  C  of  an 
equivalent  condenser,  such  as  can  store  at  the  same  pressure  E  the  same 
quantity  of   electricity  as  the  given   condensers  together.     Let   the 
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quantities  stored  be  q\,  q2,  53.  *  .  .  According  to  the  definition  of 
capacity  (§  117),  we  have 

0i  —  c\E\  q2  «=  c2  E;  etc. 
For  the  equivalent  condenser 

q\  +  q2+  ....  -  CE. 
Substituting  we  find 

in  other  words,  the  combined  capacity  of  condensers  in  parallel  is  equal 
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Fig.  130.     Addition  of  capacities  in  parallel. 

to  the  sum  of  their  capacities.     This  result  could  be  foreseen  from  the 
physical  conception  of  capacity. 

(6)   Condensers  in  series.     Condensers  connected  in  series  are  shown 
in  Fig.  131.    The   electric  charge  q   in  each   of  them  is   the  same, 
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Fig.  131.     Addition  of  capacities  in  series. 

though  they  may  have  different  capacity.     This  must  be,  since  each" 
two  direct-connected  plates  of  adjacent  condensers  can  be  charged     ' 
only  with  equal  and  opposite  quantities  q  of  electricity,  since  the  plates 
are  not  connected  to  the  line.    These  charges  must  be  the  same  in  all 
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condensers,  because  only  two  equal  charges  can  keep  each  other  bound. 
The  problem  is  to  find  the  capacity  C  of  one  condenser  that  would  hold 
the  same  charge  q  when  connected  across  the  line.  Let  the  voltages 
across  the  given  condensers  be  e\,  ^  e3,    .  .  .  . ;  we  have  then 

q  —  C\  e\  =  C2  €2  ■■  C3  e3  =    .... 
For  the  equivalent  condenser 

q  =  CE  -  C  (ex  +  e2  +  e3  +  ....); 
Substituting  the  values  of  ei,  e2,  e3,  etc.,  we  find 


or 


Vi        c2        r3  / 

C      ^c 


This  can  be  expressed  in  words  by  saying,  that  the  sum  of  the  reciprocal 
values  of  capacities  connected  in  series  is  equal  to  the  reciprocal  value 
of  the  equivalent  capacity.  This  is  analogous  to  the  expression  for 
ohmic  resistances  in  parallel  (see  §  8). 

Let  us  apply  these  results  to  the  standard  condenser  shown  in  Figs. 
127  and  128.  The  largest  capacity  is  obtained  by  connecting  all  the 
sections  of  the  condenser  in  parallel,  with  plugs  inserted  alternately 
in  the  two  rows  of  holes,  as  in  Fig.  127.  The  smallest  value  of  capacity 
corresponds  to  all  the  sections  in  series,  with  plugs  at  a  and  b  (Fig.  128). 
Intermediate  values  are  obtained  by  other  suitable  combinations  of 
plugs.  For  instance,  to  get  0.15  microfarad,  two  sections  of  0.2  mf. 
each,  are  connected  in  series,  which  gives  0.1  mf.;  then  0.05  mf.  is  con- 
nected in  parallel  with  them.    With  all  the  sections  in  series,  we  have 

1-2      .2         1        52 
C      0.05      0.2      0.5 

or  C=  1/52  mf . ;  this  is  the  smallest  value  obtainable  with  this  con- 
denser.   The  largest  capacity  with  all  the  sections  in  parallel  is 

2  X  0.05  +  2  X  0.2  +  0.5  =  1  mf. 

122.  Methods  for  Comparing  Capacities.  —  Most  practical  methods 
for  measuring  capacity  are  based  on  comparing  the  capacity  under 
test  to  that  of  a  standard  condenser.  The  calibration  of  standard  con- 
densers themselves  is  done  by  special  methods,  and  is  outside  the  scope 
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of   practical  engineering.    The  following  are  tne  methods  of   com- 
parison commonly  used: 

(1)  Direct-discharge  method; 

(2)  Method  of  mixture; 

(3)  Thomson  zero  method. 

In  addition  to  these,  capacity  may  be  measured  in  terms  of  volts  and 
amperes  with  sinusoidal  alternating  currents.  All  these  methods  are 
described  below. 

123.  Direct-Discharge  Method.  —  A  standard  condenser  of  capacity 
C\  is  connected  across  a  battery  and  charged  at  a  certain  voltage. 
Then  it  is  discharged  through  a  ballistic  galvanometer  (§  139) ;  let  the 
deflection  be  d\.    The  same  is  repeated  with  the  condenser  under*  test, 


Earth  W 
Fig.  132.     Direct-discharge  method  for  comparing  capacities. 


the  unknown  capacity  of  which,  C2,  is  to  be  determined;  let  the  deflec- 
tion be  d2.    Then,  if  the  charging  voltage  is  the  same  in  both  cases: 

Ci  +  C2  =■  di  +  d2. 

This  is  true  since  electric  charges  on  two  condensers,  at  the  same 
voltage,  are  proportional  to  their  capacities  (§  121  a).  On  the  other 
hand,  deflections  of  a  ballistic  galvanometer  are  proportional  to  dis- 
charges through  it;  consequently,  in  the  case  under  consideration, 
galvanometer  deflections  are  proportional  to  the  capacities  of  the 
condensers. 

When  the  capacity  of  a  long  cable  laid  underground  is  measured 
by  this  method,  the  connections  are  as  showTi  in  Fig.  132.  The  lead 
sheathing  of  the  cable  serves  as  one  plate  of  the  condenser;  as  it  is  con- 
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nected  to  the  ground,  one  pole  of  the  battery  must  also  be  grounded 
to  complete  the  circuit.  N  is  a  commutator;  inserting  a  plug  into  the 
hole  1  connects  the  standard  condenser  C\  to  the  battery.  The  key 
K  is  normally  pressed  against  the  upper  contact,  so  that  C\  is  charged. 
Pressing  the  key  discharges  C\  through  the  galvanometer.  Then  the 
plug  is  inserted  into  the  hole  2,  when  the  cable  is  connected  in  place  of 
C\,  and  the  same  test  repeated.  The  ratio  of  the  deflections  gives  the 
ratio  of  the  capacities. 

124.   Method  of  Mixtures.— This  method  is  illustrated  in  Fig.  133 
and  used  for  measuring  small  capacities,  such  as  the  capacity  of  tele- 


Fig.  138.     The  method  of  mixtures,  for  comparing  capacities. 

phone  cables,  or  of  short  pieces  of  power  cables.  It  consists  in  adding 
the  unknown  capacity  C%  to  a  standard  condenser  C\  which  has  been 
previously  charged;  C*  is  then  calculated  from  the  resulting  drop  in 


Fig.  184.    Mechanical  analogy  illustrating  the  method  of  mixtures. 

voltage  of  C\.  A  mechanical  analogy,  shown  in  Fig.  134,  may  help  to 
understand  the  method.  C\  is  a  vessel  of  a  known  cubical  (volume) 
capacity;  C%  is  another  vessel  the  capacity  of  which  is  to  be  determined. 
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Close  the  valve  K2  and  connect  C\  by  means  of  the  valve  K\  to  a 
source  of  compressed  air.  A  certain  pressure  will  be  indicated  on,  the 
gauge  P.  Now  close  Kx  and  connect  C\  with  C2.  The  air  expands 
into  C2  and  the  pressure  is  reduced.  The  resultant  pressure  depends 
on  the  capacity  of  C2)  which  thus  may  be  calculated  from  the  pressure- 
volume  law  of  gases. 

In  a  similar  way,  the  standard  condenser  C\  (Fig.  133)  is  charged 
from  the  battery,  and  the  voltage  measured  on  the  multicellular  static 
voltmeter  "St.  V."  (see  Fig.  47);  let  the  indication  be  E  volts.  The 
key  K  is  then  pressed,  so  that  the  charge  is  distributed  between  C\ 
and  C2  connected  in  parallel;  let  the  voltmeter  indication  drop  to  e. 
As  the  total  charge  is  the  same  in  both  cases,  we  have 

charge  =  ECX  =  e(Ci  +  C2), 

from  which  C2  can  be  calculated. 

The  capacity  of  the  voltmeter  itself  can  usually  be  neglected.  If  such 
is  not  the  case,  the  above  formula  becomes 

E(Ci  +e)  -  e(Ci  +  e  +  C2) 

where  c  is  the  capacity  of  the  static  voltmeter.  The  capacity  c  may  be 
determined  by  performing  the  above  measurement  with  a  condenser  C% 
of  a  known  capacity. 

When  testing  telephone  cables  by  this  method,  the  specification 
usually  requires  that  the  test  be  made  under  the  most  unfavorable 
conditions  (maximum  capacity).  These  are  obtained  when  the  lead 
sheathing  and  all  the  conductors  of  the  cable,  but  the  one  under  test, 
are  grounded. 

125.  Thomson  Zero  Method  for  Comparing  Capacities.  —  This 
method,  illustrated  in  Fig.  135,  depends  upon  the  two  following  opera* 
tions:  (1)  The  ratio  of  capacities  is  made  equal  to  a  ratio  of  resist- 
ances, which  ratio  can  be  determined  with  great  accuracy;  (2)  Balance 
is  obtained  when  the  galvanometer  returns  to  zero;  this  adds  to  the 
accuracy  of  the  method,  and  makes  it  unnecessary  to  have  a  calibrated 
galvanometer. 

Let  the  condensers  C\  and  C2  be  connected  as  in  Fig.  135;  the  key 
K0  is  closed  first,  and  a  steady  current  established  through  the  resist- 
ances Ri  and  R2.  The  keys  A\  and  K2  normally  touch  the  upper  con- 
tacts, so  that  the  condensers  C\  and  C2  become  charged.  The  voltage 
at  the  terminals  of  each  condenser  —  and  consequently  the  magnitude 
of  the  charge  —  depends  upon  the  position  of  the  slider  N. 

Now  K  i  and  K2  are  pressed  down  simultaneously.     This  allows  the 
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positive  charge  of  C\  to  neutralize  all  or  a  part  of  the  negative  charge  of 
C2;  the  other  charges,  no  longer  bound,  neutralize  each  other  to  the 
same  extent.  The  remaining  charges  are  equalized  through  the  gal- 
vanometer Ga.,  by  pressing  the  key  K3.  The  adjustment  consists  in 
finding  such  a  position  of  the  slider  N  that  both  condensers  are  charged 
with  the  same  quantities  of  electricity.  When  such  is  the  case,  pressing 
the  keys  K\  and  K2  completely  discharges  the  condensers,  so  that 
the  galvanometer  does  not  deflect,  when  the  key  Kz  is  closed. 
When  the  correct  position  of  the  slider  N  is  found,  —  with  the 
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Fig.  185.     The  Thomson  zero  method  for  comparing  capacities. 

voltages  across  R\  and  R2  equal  to  ei  and  e2,  —  the  following  relations 
will  exist: 

charge  —  ex  C\  «  e2  C2. 

But  a  :  e2  =°  Ri  :  fi2;  eliminating  ex  and  e2  we  obtain 

C\  R\  mm  C2  R2, 

From  this  formula  the  unknown  capacity  C2  is  calculated. 

It  must  be  remembered  that  some  cables  take  quite  an  appreciable 
time,  sometimes  several  minutes,  to  become  fully  charged.  In  the  same 
way  sufficient  time  should  be  allowed  for  the  charges  to  equalize  before 
closing  the  key  Ks.  When  this  method  is  used  for  determining  the 
capacity  of  a  cable  whose  sheathing  is  grounded,  the  necessary  con- 
nections must  be  established  through  the  ground.  This  is  done  by 
grounding  the  connection  between  the  galvanometer  and  the  slider  N; 
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the  sheathing  of  the  cable  acts  as  the  positive  terminal  of  the  condenser 
C2.     The  rest  of  the  connections  are  the  same. 

In  addition  to  the  above  three  methods  for  comparing  capacities, 
there  are  some  others,  mostly  based  on  the  use  of  a  Wheatstone  bridge. 
These  methods,  while  seldom  used  in  engineering,  are  well  adapted  for 
accurate  scientific  measurements.  For  a  description,  the  reader  is 
referred  to  standard  works  on  physics, 

/  .     , 

126.  EXPERIMENT  6-A.  —Comparing  Capacities  of  Two  Con- 
densers. —The  methods  are  described  in  the  three  preceding  articles. 
Try  such  of  them  as  the  apparatus  at  hand  and  the  nature  of  the 
capacity  to  be  measured  allow.  In  each  case  take  several  readings, 
modifying  the  conditions  (voltages,  resistances  and  capacities)  in  such 
a  way  as  to  have  a  thorough  check  on  the  result.  Ascertain  th$  limits 
of  accuracy  of  each  method,  and  determine  the  conditions  necessary  for 
obtaining  maximum  accuracy.  Connect  condensers,  or  sections  of  a 
condenser,  in  series  and  in  parallel,  and  check  the  relations  derived  in 

121. 

127.  Capacity  in  A.  C.  Circuits.  — Consider  a  condenser  C  con- 
nected, as  in  Fig.  124,  to  a  source  of  'A.  C.  supply.  As  the  main  current 
flows  through  the  rheostat  R,  by  moving  the  slider  N,  any  desired  voltage 
may  be  had  at  the  terminals  of  the  condenser  (potentiometer  principle). 
This  voltage  is  measured  by  the  voltmeter  V,  —  the  current  through 
the  condenser  is  indicated  on  the  ammeter  Am.  It  may  at  first  seem 
that  iio  current  can  flow  through  the  condenser,  the  cirpuit  at  the  gap 
being  open  between  the  plates.  A  little  consideration  will  show,  how- 
ever, that  a  condenser  will  become  periodically  charged  with  opposite 
quantities  of  electricity  when  an  alternating  voltage  is  applied  at  its 
terminals.  This  alternate  flow  of  charging  current  back  and  forth, 
at  the  frequency  of  the  supply,  produces  the  same  effect  on  the  ammeter, 
as  if  the  circuit  were  actually  closed  through  a  resistance. 

•  We  now  desire  to  determine  the  value  of  the  charging  current  which  ■ 
will  flow  through  a*condenser  of  a  given  capacity  C,  with  a  given  alter- 
nating voltage  E  at  its  terminals,  the  frequency  of  the  supply  being 
n  cycles  per  second.  According  to  the  definition  of  capacity  given  in 
§  117,  a  condenser  takes  in  a  charging  current  of  1  ampere,  when  the 
pressure  rises  at  a  rate  of  one  volt  per  second,  provided  the  capacity  of 
the  condenser  is  1  farad.  Therefore,  with  a  capacity  of  C  farads  and 
the  voltage  rising  at  the  rate  of  de  -s-  dt,  the  charging  current  is  . 
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Let  the  applied  voltage  vary  according  to  the  sine  law,  so  that 

e  =  E  Sin  2nnt. 
Substituting  this  value  of  €  in  the  above,  we  find 

i=  2nnC  ,ECo&2nnt (1) 

This  equation  shows  that  the  charging  current  also  varies  according  to 
the  sine  law.  The  wave  of  the  current  leads  that  of  the  voltage  by  90 
degrees ;  when  the  voltage  is  passing  through  its  zero  value,  the  current 
has  already  reached  its  maximum.  These  relations  may  be  expressed  by 
the  equation 

V=  2iznC .  E#  (90°), 

where  <90°)  denotes  symbolically  the  phase  relation  between  the  current 
and  the  voltage.  In  this  formula  the  capacity  is  expressed  in  farads;  in 
practice,  capacity  is  always  expressed  in  microfarads.  One  microfarad 
is  equal  to  10"6  farads,  so  that 

Vf  -  2xn  C  .  10-*  Eeff  (90°) (2) 

From  this  formula  the  charging  current  through  a  condenser  of  a  given 
capacity  may  be  calculated  for  a  gwen  voltage  and  frequency.  Con- 
versely, by  measuring  the  current  and  the  voltage,  capacity  C  may  be 
calculated.  This  method  of  determining  capacity  is  strictly  accurate 
with  sinusoidal  voltages  only;  the  presence  of  higher  harmonics  may 
appreciably  affect  the  value  of  the  current.  This  follows  from  the  fact 
that  each  harmonic  gives  a  charging  current  of  its  own,  and  the  values  of 
charging  current  increase  in  proportion  to  the  frequency.  Thus,  in  the 
case  that  the  seventh  harmonic  of  the  e.m.f .  wave  amounts  to  only  5  per 
cent  of  the  fundamental  wave,  the  charging  current  due  to  the  seventh 
harmonic  will  be  0.05  X  7  =  0.35,  or  35  per  cent,  of  the  current  due 
to  the  fundamental  wave.  This  circumstance  should  be  kept  in  mind 
when  using  alternating  currents  for  measuring  capacity. 

128.   EXPERIMENT  6-B.  —  Condensers  in  A.  C.  Circuits.  — 

The  purpose  of  the  experiment  is  to  illustrate  the  relations  derived  in 
the  preceding  article.  Connect  a  condenser  C,  as  in  Fig.  124,  using  a 
resistance  R  and  the  slider  N  for  varying  the  voltage  at  the  condenser 
terminals.  Take  curves  showing  variations  of  the  charging  current 
with : 

(a)  Capacity  of  the  condenser; 

(b)  Applied  voltage; 

(c)  Frequency  of  the  supply. 

Connect  a  wattmeter  so  as  to  measure  the  power  taken  by  the  con- 
denser; show  that  the  charging  current  is  practically   wattless.     A 
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small  amount  of  power  may  be  consumed  in  the  condenser,  due  to 
imperfect  insulation,  and  to  what  is  called  "  dielectric  hysteresis  "  in 
the  insulation.  If  possible,  vary  the  wave-form  of  the  current  (see 
$  587)  and  observe  its  effect  on  the  charging  current. 

Report.  Plot  curves  showing  the  effect  of  the  factors  (a),  (b)  and 
(c)  on  the  charging  current.  Check  a  few  points  on  these  curves  by 
the  formula  (2).  Describe  the  test  shoeing  that  the  charging  current 
is  practically  wattless.  Give  the  effect  of  the  wave-form  on  charging 
current. 

129.  Capacity  Reactance.  —  Equation  (2)  shows  that  with  alter- 
nating currents  the  expression  2nnC,  and  not  the  capacity  C  alone, 
determines  the  charging  current  of  a  condenser.  This  is  similar  to  the 
effect  of  reactance  2nnL  (§  98)  which  was  there  denoted  by  x.  We 
shall  denote  accordingly 

108  -*-  2nnC  =  y (3) 
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Fig.  186.    An  experimental  proof  that  capacity  acts  as  a  negative  inductance  (meas- 
uring wattless  power). 

and  call  y  the  "  capacity  reactance  "  of  a  condenser,  as  distinguished 
from  the  magnetic  reactance  x.  The  capacity  reactance  is  also  expressed 
in  ohms. 

The  considerations  of  §§  103  to  112  may  be  applied  to  the  case  of 
capacity  reactance  by  substituting  —  y  for  x.  The  sign  minus  is 
necessary,  because  current  is  lagging  with  magnetic  reactance  and 
is  leading  in  the  case  of  capacity.  In  this  respect,  capacity  acts  in  A.  C. 
circuits  as  if  it  were  a  negative  inductance. 

A  good  way  to  demonstrate  this  experimentally  is  by  means  of  a 
double  oscillograph  (Fig.  450).  A  reactance  coil  is  connected  in  an 
A.  C.  circuit,  and  the  waves  of  the  current  and  the  voltage  projected  on 
a  screen.  The  current  wave  appears  in  a  certain  position,  lagging  behind 
that  of  the  e.m.f.  by  nearly  90  degrees.     Substituting  a  condenser 
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for  the  reactance  coil  shifts  the  current  wave  by  almost  180  degrees 
and  makes  it  leading  instead  of  lagging. 

Another  experimental  proof  is  shown  in  Fig.  136.  A  reactance  coil 
x  is  connected  in  phase  1  of  a  two-phase  circuit,  and  the  "wattless" 
power  consumed  in  it  measured  by  a  wattmeter.  The  current  and  the 
voltage  being  displaced  by  almost  90  degrees,  the  wattmeter  connected 
in  the  usual  way  would  hardly  give  any  indication  at  all.  But 
connecting  the  potential  coil  of  the  wattmeter  to  phase  2,  displaced  by 
nearly  90  degrees,  brings  the  two  currents  in  the  wattmeter  almost  into 
phase,  and  the  instrument  gives  a  considerable  deflection.  Now  if  a 
condenser  C  is  substituted  for  the  reactance  coil —  without  changing  the 
wattmeter  connections  —  it  will  be  found  that  the  wattmeter  gives  a 
negative  deflection,  so  that  it  becomes  necessary  to  reverse  either  its 
current  or  potential  terminals.  This  shows  that  at  the  same  point  on 
the  e.m.f.  wave  the  currents  through  the 
inductance  and  through  the  capacity  flow 
in  the  opposite  directions.  If  current  in 
the  inductance  is  lagging,  the  capacity  cur- 
rent must  of  necessity  be  leading. 

These  relations  are   represented   vectori- 

ally  in  Fig.  137.    The  current  ix  lags  behind 

the  voltage  e\  by  a  considerable  angle;  the 

capacity  current  i*  leads  ex  by  almost  90 

degrees.    With  regard  to  the  voltage  e2  in 

the  second   phase,   the  two   currents  flow 

practically   in  opposite  directions;    this   is 

the    reason   why  the  wattmeter  terminals 

must  be  reversed  in  the  above  experiment  ! 

when  changing  from  an  inductance  to   a  ! 

capacity. 

When  capacity  and  ohmic  resistance  are  FlQ'™'    Current  and  voltage 
,     ,  .  .  .  n.  xi       relations,  according  to  Fig. 

connected  in  senes  or  in  parallel,  current  and      13fl>  8hown  vectorially. 

voltage  relations  and  equivalent  impedances 

may  be  determined  from  the  triangles  shown  in  Figs.  108  and  117, 

keeping  in  mind  that  capacity  reactance  y  may  be  considered   as   a 

negative  magnetic  reactance  x.    The  following  experiment  gives  an 

example  of  these  relations. 

130.  EXPERIMENT  6-C.  —  Capacity  and  Resistance  in  Par- 
allel.—  The  connections  are  the  same  as  in  Fig.  120,  save  that  a  con- 
denser of  variable  capacity  is  substituted  for  the  reactance  x.  This 
corresponds  to  the  practical  case  of  a  transmission  line  having  an  appro- 
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ciable  capacity,  and  supplying  power  to  a  non-inductive  load.  I^eep  the 
resistance  constant  and  gradually  increase  the  capacity;  read  component 
amperes,  total  amperes,  volts  and  watts.  Repeat  the  same  experiment 
with  different  values  of  resistance  and  of  voltage,  and  at  a  different 
frequency.  Measure  —  with  direct  current  —  the  values  of  resistances 
used. 

Report.     Plot  to  microfarads  capacity  as  abscissae  the  curves  shown 
in  Fig.  138.    Check  the  following  relations:   (a)  Total  current  must  be 


Microfarads 


Fig.  138.     Electrical  relations  with  a  resistance  and  a  capacity  connected  in 
parallel  to  an  alternating-current  supply. 

a  geometrical  sum  of  the  component  currents,  as  in  Fig.  117.  (b) 
Power  factor  calculated  ixpm  wattmeter  readings  must  be  the  same  as 
determined  from  the  triangle  of  amperes,  (c)  Wattmeter  readings 
must  check  with  the  calculated  &r.  (d)  The  charging  current  must 
satisfy  the  expression   (2),  in  §  127. 


ELECTRIC  RESONANCE. 


131.  Peculiar  electrical  relations  arise  in  A.  C.  circuits,  when  capacity 
and  inductance  are  present  simultaneously.  The  phenomenon  mani- 
fested is  an  abnormal  rise  of  current,  or  of  voltage,  in  part  of  the  circuit, 
sometimes  far  above  the  values  supplied  by  the  source  of  power.    This 
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is  due  to  the  neutralizing  effect  Of  capacity  on  inductance,  and  vice 
versa  (§  129);  the  phenomenon  is  called  electric  resonance.  The  name  is 
derived  from  a  similar  phenomenon  of  mechanical  vibrations  produced 
by  the  inertia  and  the  elasticity  of  a  system.  It  has  been  pointed  out 
in  §  96  that  inductance  is  analogous  to  mechanical  inertia,  while 
electric  capacity  may  be  likened  to  elasticity  (see  mechanical  analogy 
in  §  117).  Thus  a  certain  combination  of  inductance  and  capacity 
gives  rise  to  electrical  oscillations  of  a  definite  frequency.  If  the 
frequency  of  the  supply  happens  to  be  a  submultiple  of  or  is  equal  to 
that  of  these  natural  oscillations,  the  latter  are  greatly  intensified,  pro- 
ducing what  is  called  electric  resonance. 


Am. 


6- 


C(y) 


Fig.  189.    Conditions  necessary  for  producing  a  current  resonance. 


The  phenomenon  is  different  according  to  whether  inductance  and 
capacity  are  connected  in  parallel,  or  in  series.  When  they  are  in 
parallel  (Fig.  139),  current  resonance  is  produced  J  when  they  are  in 
series  (Fig.  142),  voltage  resonance  is  the  result. 

132.  Current  Resonance.  —  In  the  experiment  illustrated  in  Fig. 
136  capacity  and  reactance  were  supposed  to  be  connected  to  the 
supply  in  succession,  the  currents  being  represented  in  Fig.w  137. 
Should  both  be  connected  to  the  line,  as  in'Fig.  139,  the  current  in  the 
main  line  becomes  smaller  than  that  in  either  branch.  This  is  because 
the  line  current  is  the  geometrical  sum,  or  the  short  diagonal  of  the 
parallelogram  built  on  ix  and  tc.  Thus  we  obtain  a  seemingly  para- 
doxical result,  that  either  of  the  component  currents  is  larger  than 
their  sum. 
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This  is  actually  observed  when  both  switches  S\  and  S2  are  closed 
at  one  time.  In  the  ideal  case,  when  no  ohmic  resistance  is  present,  the 
current  in  the  reactance  is  lagging  90  degrees  behind  the  voltage,  and  is 
equal  to  E  -*-•  x.  The  current  in  the  condenser  is  equal  E  +  y,  and 
leads  the  voltage  by  90  degrees.  The  line  current  i  is  the  difference  of 
the  two,  or 

E      E  z^v 

*  = ; (4) 

x       y 

When  the  magnetic  impedance  and  the  capacity  impedance  are  equal 
to  each  other,  in  other  words,  when  x  =  y,  the  line  current  i  is  reduced 
to  zero,  while  a  large  current  may  circulate  between  x  and  C.  The  line 
voltage  merely  determines  the  value  and  the  frequency  of  the  resonance 
current,  without  actually  supplying  it.     The  condition  x  =  y  means 

o      t         106  /^ 

or 

\'/,7*=  *— .. (6) 

2nn 

In  this  formula  L  is  in  henrys,  C  in  microfarads,  and  n  in  cycles  per 
second.  For  instance,  with  C  =  50  mf .  and  n  =  60  cycles  per  second, 
perfect  resonance  takes  place  at  a  value  of  L  deduced  from  the  equation 

50"  ^2^.60/  ' 
or 

L  =  0.14  henry. 

With  this  value  of  inductance 

magnetic  reactance  x  =  2x  X  60  X  0.14  =  52.8  ohms; 

106 

capacity  reactance  y  — —-  —  52.8  ohms; 

2tt.60.50 

the  two  being  equal.  Let  the  applied  voltage  be  220  volte;  the 
current  through  the  magjietic  reactance 

'  ix  =  220  --  52.8  =  4.1?  amp.  (lagging); 

the  current  through  the  capacity  reactance 

iy  =  220  -f-  52.8  =  4.17  amp.  (leading). 

The  total  line  current 

t  ~  U  -  hj  =  0. 
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Let  the  inductance  now  be  0.09  henry;  the  magnetic  reactance 

x  =  2*.  60  X  0.09  -  33.9  ohms, 

and  ix  =  220  +  33.9  =  6.5  amp. 

The  total  line  current 

t  -  6.5  -  4.17  -  2.33  amp.  (lagging). 

The  line  current  is  less  than 
each  of  its  components; 
this  is  a  partial  current 
resonance. 

The  relations  become 
more  complicated  when 
ohmic  resistance  is  present 
in  either  branch.  The  cur- 
rents are  then  displaced 
less  than  90  degrees  from 
the  line  voltage  and  must 
be  added  geometrically. 
The  diagram  shown  in  Fig. 
140  corresponds  to  the  case 
when  magnetic  reactance 
remains  constant,  while  the 
capacity  is  gradually  in- 
creased. When  the  charging 
current  is  Ie',  the  resultant 
current  J7  in  the  line  is  lag- 
ging behind  the  impressed 
e.m.f.  With  a  large  capa- 
city current  //"  the  result- 
ant current  V"  is  leading. 
At  a  certain  value  le"  of 
the  capacity  current  the 
total  line  current  /"  is  in 
phase  with  the  e.m.f.,  as  if 
the  circuit  possessed  no  in- 
ductance or  capacity.  The 
same  relations  are  shown  in 
Fig.  141  in  the  form  of 
curves.  As  the  capacity  is 
increased,  the  line  -current 
becomes  leading. 


Fig.  140.     A  vector  diagram  showing  current 
resonance. 

first  drops,  then   increases    again  as   it 


158 


ELECTROSTATIC  CAPACITY. 


[Chap.  6 


133.  EXPERIMENT  6-D.  —  Capacity  and  Reactance  in  Par- 
allel. —  Current  Resonance.  —  The  connections  are  shown  in  Fig.  139; 
it  is  well  to  have  a  wattmeter  in  the  circuit,  so  as  to  be  able  to  calculate 
the  power  factor  of  the  line  current.  Close  the  switch  S\  and  adjust  the 
reactance  current  to  a  desired  value.  Then  close  So  and  gradually 
increase  the  capacity.  Read  component  amperes  (in  A\  and  A2), 
total  amperes,  volts  and  watts.  Note  that  the  total  current  decreases 
and  then  increases  again.  Instead  of  using  three  ammeters,  it  may  be 
more  convenient  to  use  one  ammeter,  and  a  polyphase  board  (§  49). 


Current  Leading; 


Fig.  141.    Corves  illustrating  the  gradual  rise  of  current  resonance. 

Introduce  some  resistance  in  series  or  in  parallel  with  the  inductance, 
and  repeat  the  same  test.  Also  shunt  the  condenser  with  some  resist- 
ance. Finally  insert  resistance  in  both  branches,  always  taking  read- 
ings with  a  gradually  increasing  capacity. 

Report.  Plot  the  results  as  shown  in  Fig.  141;  construct  several 
diagrams  as  in  Fig.  140  and  check  the  angles  with  those  calculated  from 
the  wattmeter  readings.  See  how  closely  the  values  of  charging  current 
check  with  those  calculated  from  the  expression  (2)  in  §  127;  also  if 
equation  (7)  is  satisfied  when  the  capacity  current  is  equal  to  the 
current  through  the  reactance. 

134.   Voltage  Resonance.  —  We  shall  now  consider  the  resonance 
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produced  by  a  reactance  x  and  a  condenser  C  connected  in  series 
(Fig.  142)  in  an  A.  C.  circuit;  the  resistance  r  may  at  first  be  left  out 
of  consideration  (r  =  0).  Suppose  a  certain  current  i  flow  through 
the  system;  the  voltage  across  the  reactance  leads  the  current  by  90°; 
the  voltage  across  the  condenser  lags  behind  it  by  the  same  amount. 
This  means  that  the  waves  of  voltage  across  MN  and  across  PQ 
are  opposite  and  partly  neutralize  each  other.  Therefore  the  total 
voltage  MQ  is  smaller  than  one  of  the  component  voltages,  either 
across  the  reactance,  or  across  the  condenser.  It  may  also  be  smaller 
than  either  of  them.     This  peculiar  condition  is  called  voltage  resonance. 

An  example  may  make  this  clearer.  Let  the  magnetic  reactance  have 
a  value  of  10  ohms  and  the  capacity  reactance  be  2.5  ohms,  both  values 
at  a  frequency  of  60  cycles  per  second.  The  equivalent  reactance  is 
10  -2.5  =  7.5  ohms. 

At  a  terminal  voltage  of  150  volts  between  M  and  Q,  the  current  is  = 
50  -h  7.5  =  20  amperes.      The  drop  across  the  magnetic  reactance  is 

C{v) 

o  Am. 
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3 
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Fig.  142.     Conditions  necessary  for  producing  voltage  resonance. 

20  X  10  =  200  volts;  that  across  the  capacity  20  X  2.5  =  50  volts. 
Thus  the  drop  across  the  magnetic  reactance  is  larger  than  the  applied 
voltage.  If  the  capacity  reactance  were  5  ohms  the  current  would 
rise  to  30  amperes  and  the  drop  across  the  magnetic  reactance  would 
be  300  volts.  With  a  capacity  reactance  of  10  ohms,  the  combined  react- 
ance becomes  zero;  the  current  and  the  voltage  rise  indefinitely. 
When  such  a  combination  actually  happens  either  the  condenser  breaks 
down,  or  the  inrush  of  current  opens  the  circuit-protecting  device. 

Reducing  the  capacity  still  further,  or,  which  is  the  same,  increasing 
the  capacity  reactance,  makes  the  voltage  drop  across  the  condenser 
larger  than  that  across  the  reactive  coil.  For  instance,  with  a  capacity 
reactance  of  15  ohms  the  equivalent  reactance  becomes  15  —  10  =  5 
ohms,  and  the  current  30  amperes;  in  this  case  the  current  is  leading. 
The  voltage  drop  across  the  condenser  becomes  30  X  15  =  450 
volts. 

Instead  of  varying  the  capacity,  a  perfect  resonance  could  be  obtained 
by  changing  the  frequency.    Let  us  assume  again  the  same  values  of 
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reactances,  10  ohms  and  2.5  ohms  at  60  cycles  per  second, 
quency  of  30  cycles,  the  equivalent  reactance  becomes 

10  -2-  2  -  2.5  X  2  -  0. 


The  current  and  the  voltage  rise  indefinitely. 

135.   Vector  Diagrams  of  Voltage  Resonance.  — Resonance  is  made 

less  harmful  in  practice,  due  to  the  presence  of  some  resistance  r  (Fig. 
142),  —  resistance  limits  the  inrush  of  current  and  the  rise  of  potential. 
Assume  that  the  resistance  r  and  the  reactance  x  remain  constant, 
while  the  capacity  C  is  being  gradually  increased.  This  makes  both  the 
current  in  the  line  and  the  voltage  across  MQ  vary.  To  make  the 
conditions  more  definite  we  shall  consider  two  limiting  cases:  (1)  line 
current  kept  constant;  (2)  line  voltage  kept  constant.  The  regulation 
of  current  and  voltage  is  made  by  the  rheostat  R. 

(a)  Line  current  constant  (Figs.  143  and  144).    The  drop  OA  =  ix 
in  the  inductive  reactance  is  leading  the  vector  of  the  current  by  90°. 

The  ohmic  drop  AB 
—  ir  is  in  phase  with 
the  current.  The 
drop  BE'  =  iy  in  the 
capacity  is  lagging  be- 
hind the  current.  The 
total  voltage  across 
the  combination  of  the 
three  is  represented 
by  the  vector  OE' 
=  iz,  where  z  is  the 
*"  equivalent  impedance 
of  the  circuit.  From 
the  figure  OABE' 


Current  I 


Z  =  V(*-y)*+!*f 

the  capacity  reactance 
y  opposing  the  mag- 
netic reactance  x. 
The  current  is  lag- 
ging behind  the  line 
e.m.f.  the  action  of 
the  inductance  being 
preponderant.  With  a  larger  capacity  reactance  (smaller  capa- 
city) the  drop  across  the  condenser  may  become  as  large  as  B2J'" 


Fig.  143.    Vector  diagram  of  voltage  resonance,  at 
a  constant  current. 
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The  applied  voltage  becomes  OE'",  the  current  being  in  this  case 
leading.  The  equivalent  reactance  z  of  the  circuit  may  have  the  same 
value  as  before,  except  that  (y  —  x)  must  be  used  instead  of  (x  —  y). 

At  a  certain  value  of  capacity,  the  drop  across  it  becomes  equal  to 
the  drop  across  the  reactance  x,  and  the  resultant  e.m.f.  OE"  is  in 
phase  with  the  current.  The  line  voltage  is,  in  this  case,  just  suffi- 
cient for  overcoming  the  ohmic  resistance  (OE"  =»  ir);  the  capacity 
and  the  inductance  neutralize  each  other.  If  the  circuit  contained  no 
resistance,  the  current  and  the  voltage  would  rise  indefinitely. 

Thus  with  variations  of  capacity,  the  extremity  of  the  vector  of  the 


Current- Const, 


Fig.  144.     Curves  of  voltage  resonance  at  a  constant  current,  as  per  Fig.  148. 

applied  voltage  travels  on  BE'",  the  current  being  lagging  for  large 
values  of  capacity  (small  values  of  y)t  and  vice  versa.  The  corre- 
sponding relations  are  plotted  in  Fig.  141. 

Q>)  Line  voltage  constant  (Figs.  145  and  146).  The  polygon  OA'B'E' 
is  the  same  as  OABE'  in  Fig.  143.  The  current  being  variable,  the 
triangle  of  drop  OA'B'  increases  and  decreases  with  the  value  of  the 
current,  remaining  similar  to  itself.  At  the  same  time  the  point  E' 
moves  on  the  circle  drawn  with  the  line  voltage  J?  as  a  radius;  the 
assumption  being  that  the  line  voltage  is  maintained  constant  by 
means  of  the  rheostat  R  (Fig.  142). 
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For  small  values  of  capacity  (large  values  of  y)  the  figure  assumes  the 
position  OA'"B'"Efn ',  the  current  becoming  leading.  At  a  certain  value 
of  capacity,  such  that  x  =  ?/,  the  e.m.f.  =  E"  is  in  phase  with  the 
current,  as  if  the  circuit  consisted  of  ohmic  resistance  r  only.  The 
relations  are  represented  by  the  curves  in  Fig.  146. 

136.  EXPERIMENT  6-E.  —Capacity  and  Reactance  in  Series. 
—  Voltage  Resonance.  —  The  connections   are  shown  in   Fig.    142 ; 


Fio.  145.    Voltage  resonance  at  a  constant  applied  voltage. 


it  is  'well  to  have  in  addition  a  wattmeter  for  determining  the  phase 
displacement  between  the  line  voltage  and  the  current.  First  try  a 
resonance  in  its  pure  form,  without  the  resistance  r.  Introduce  enough 
resistance  R  in  the  circuit  so  that  the  current  would  not  exceed  a 
predetermined  value,  even  when  x  =  y;  or  else  protect  the  circuit  by  a 
reliable  circuit-breaker.  Connect  in  as  much  capacity  as  possible,  and 
a  large  inductive  reactance,  so  as  to  have  a  rather  small  lagging  current. 
This  corresponds  to  the  right  end  of  the  curves  in  Fig.  146.  Gradually 
reduce  the  inductive  reactances  measuring  voltages  across  x  and  across 
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C;  also  the  line  voltage  and  the  current.  The  voltage  curve  (Fig.  146) 
rises  very  abruptly;  therefore  the  student  should  be  careful  not  to  break 
down  the  insulation  of  the  condenser,  —  the  current  may  not  be  very 
large  before  the  safe  limit  of  voltage  for  the  condenser  is  reached. 
When  the  limit  is  reached,  open  the  circuit  and  reduce  the  reactance 
x  considerably  beyond  the  resonance  point,  so  as  to  have  a  small 
leading  current.     This  corresponds  to  the  left  end  of  the  curves  in  Fig. 


Voltage-  Const. 


-Current  Leading- 


Current  Lagging- 


Flo.  146.     Curves  of  voltage  resonance  at  a  constant  applied  voltage,  as  per  Fig.  145. 


146.  Close  the  circuit,  and  approach  the  point  of  maximum  resonance 
from  the  other  side.  During  this  preparatory  experiment  neither  line 
current  nor  the  voltage  needs  to  be  kept  constant. 

Now  connect  some  resistance  r,  such  as  to  give,  say,  10  to  20  per  cent 
ohmic  drop  at  the  desired  current;  take  curves  shown  in  Fig.  144,  that 
is  to  say,  keeping  the  line  current  constant.  Keep  the  resistance  r 
and  the  reactance  x  constant  and  vary  the  capacity  within  as  wide 
limits  as  possible.  Finally  short-circuit  the  condenser  to  realize  the 
limiting  condition  with  an  infinitely  large  capacity  (horizontal  line  in 
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Fig.  144).  Perform  a  similar  test,  keeping  the  terminal  voltage  con- 
stant (Fig.  146). 

Take  readings  with  different  values  of  reactance,  capacity,  resistance, 
and  frequency,  in  order  to  see  the  influence  of  each  factor. 

Report.  Plot  curves,  as  in  Figs.  144  and  146;  check  some  of  the 
results  by  means  of  diagrams  shown  in  Figs.  143  and  145. 


CHAPTER  VII. 

THE  MAGNETIC  CIRCUIT. 

137.  The  fundamental  electromagnetic  relations  may  be  conven- 
iently studied  on  the  apparatus  shown  in  Fig.  147.  It  consists  of 
several  sets  of  U-shaped  pieces  m,  m',  of  steel  or  iron  and  of  magnetiz- 
ing, or  exciting  coils  pp,  connected  to  a  source  of  direct-current  supply. 
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Fio.  147.    An  apparatus  for  studying  the  fundamental  relations  in  a  magnetic  circuit. 

K  is  a  reversing  switch  by  means  of  which  the  iron  cores  may  be  mag- 
netized in  either  direction.  When  K  is  closed,  a  current  flows  through 
the  coils  pp  and  produces  a  magnetic  flux,  as  shown  by  dotted  lines. 
The  intensity  of  magnetization  —  or  the  flux  —  may  be  varied: 

(a)  By  regulating  the  exciting  current  with  the  rheostat  R. 

(b)  By  changing  the  number  of  coils  in  the  circuit. 

(c)  By  increasing  or -decreasing  the  air-gap  between  the  upper  and 
the  lower  cores. 

165 
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(d)  By  changing  the  number  of  sections  m,  m'. 

(e)  By  replacing  the  cores  by  others  made  of  a  better  or  of  a  poorer 
magnetic  material. 

The  exciting  current  is  read  on  the  ammeter  A.  The  amount  of 
magnetism  produced  in  the  core  is  measured  by  the  exploring  coils 
Si  and  s2,  connected  to  a  ballistic  galvanometer  (§  139)  or  a  fluxmeter 
(§  140). 

138.  Ampere-Turns  and  Magnetic  Flux.  —  The  amount  of  magne- 
tism produced  in  the  cores  m,  m',  depends  on  the  magnitude  of  the 
exciting  current,  and  on  the  number  of  turns  in  the  exciting  coils;  but 
the  magnetism  remains  constant  so  long  as  the  product "  current  times 
turns  "  remains  constant.  For  instance,  a  current  of  5  amperes,  flow- 
ing through  a  coil  with  20  turns,  produces  the  same  magnetizing 
effect,  as  20  amperes  flowing  through  a  coil  having  5  turns,  or  1  ampere 
with  100  turns.  The  magnetizing,  or  the  magnetomotive  force  is  the 
same  in  each  case  and  is  equal  to  100  ampere-turns.  The  reason  is  easy 
to  see.  Imagine  a  current  of  1  ampere  flowing  through  1  turn  of  wire, 
and  take  100  such  elements.  Combine  them  in  series  and  you  get  1 
ampere  flowing  through  100  turns;  combining  them  in  parallel  gives 
1  large  turn  with  100  amperes.  The  magnetic  effect  outside  the  coil 
cannot  depend  on  whether  the  turns  are  connected  in  series  or  in 
parallel,  but  merely  on  the  number  of  elements  producing  the  action; 
therefore  it  depends  on  the  number  of  ampere-turns  only. 

The  magnetic  state  in  a  medium  may  be  imagined  as  a  state  of  ten- 
sion or  attraction  along  certain  lines;  these  imaginary  directions  are 
called  "magnetic  lines  "  or  " lines  of  force."  They  are  shown  in  Fig. 
147  by  dotted  lines.  In  this  connection  the  reader  may  be  reminded 
of  the  familiar  physical  experiment,  in  which  iron  filings  arrange  them- 
selves around  a  steel  magnet  in  certain  directions;  these  are  the  direc- 
tions of  lines  of  force.  Lines  of  force,  apart  from  their  direction,  are 
purely  imaginary;  it  is  convenient,  however,  to  measure  magnetism  by 
assigning  a  certain  numerical  value  to  each  line  of  force.  With  this 
supposition,  lines  of  force  are  considered  closer  to  each  other  in  places 
where  magnetization  is  stronger,  and  vice  versa.  This  leads  to  the 
conception  of  density  of  lines  of  force,  so  important  in  electrical  engi- 
neering. 

The  sum  total  of  lines  of  force  within  a  certain  space  is  called  the 
magnetic  flux.  The  usual  way  of  measuring  and  defining  the  magnetic 
flux  within  a  coil,  such  as  the  coil  S\  in  Fig.  147,  is  by  the  electric  effects 
produced  by  the  flux.  When  the  magnetic  flux,  passing  through  a 
coil,  increases  or  decreases,  an  e.m.f.  is  induced  in  the  coil,  propor- 
tional to  the  rate  of  the  variation  of  the  flux.     The  rational  unit  of 
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magnetic  flux  in  the  volt-ampere-ohm  system  should  therefore  be 
based  on  the  following  definition:  When  a  magnetic  flux  varies  uni- 
formly at  the  rate  of  one  line  of  force  per  second,  the  e.m.f.  induced  in  a 
coil  which  surrounds  it  is  one  volt  per  turn.  Such  a  unit  of  lines  of 
force  is  too  large  for  practical  purposes;  the  unit  actually  used  is  based 
on  a  similar  definition,  except  that  a  C.  G.  S.  unit  of  electromotive 
force  is  taken  instead  of  the  volt.  This  unit  is  108  times  less  than  the 
volt;  this  coefficient  enters  therefore  into  all  formulae  which  express 
an  induced  e.m.f.  in  volts  in  terms  of  flux. 

To  make  the  above  definition  clearer,  suppose  that  a  certain  magne- 
tism is  produced  in  the  cores  m,  m'  by  exciting  the  coils  p,  p  with  a 
certain  current.  Let  it  be  required  to  express  this  magnetism  numeri- 
cally by  the  number  of  lines  of  force.  Let  the  secondary  or  exploring 
coil  si  consist  of  100  turns  of  wire  and  be  connected  to  a  very  sensitive 
voltmeter.  So  long  as  the  flux  remains  constant,  the  voltmeter  shows 
no  deflection.  Let  now  the  exciting  current  be  gradually  reduced  to 
zero  by  the  rheostat  R,  at  such  a  rate,  that  the  voltmeter  shows  all  the 
time  0.05  volt.  Suppose  30  seconds  of  time  elapse  before  the  current 
is  reduced  to  zero  and  the  flux  disappears.  From  these  data  the 
original  flux  is  figured  out  as  follows:  The  e.m.f.  induced  in  one  turn 
of  the  secondary  coil  is,  in  C.  G.  S.  units, 

0.05  x  108  _  b0(m  (C  Gg) 

100  ' 

This,  according  to  the  above  definition  of  the  flux,  shows  that  the 
flux  was  decreasing  at-  the  rate  of  50,000  lines  of  force  per  second. 
As  it  took  30  seconds  for  the  flux  to  be  reduced  to  zero,  the  original 
flux  was  50,000  X  30  =  1,500,000  lines  of  force. 

In  accordance  with  the  modern  fashion  of  naming  magnetic  and 
electric  units  after  famous  scientists,  the  unit  of  flux,  or  one  line  of 
force,  as  above  defined,  was  named  the  maxwell,  so  that  fluxes  are 
expressed  in  maxwells.  While  the  unit  of  flux  defined  on  the  basis 
of  one  volt  per  second  is  too  large,  the  maxwell  is  too  small  a  unit  for 
many  practical  purposes.  A  compromise  is  reached  by  using  the  fol- 
lowing derivative  units: 

1  kilo-maxwell  (or  kilo-line)  «  1000  maxwells. 

1  mega-maxwell  (or  mega-line)  =  1,000,000  maxwells. 

It  would  be  rather  troublesome  to  measure  magnetic  fluxes  by 
gradually  reducing  them  to  zero  at  a  rate  to  give  a  constant  voltmeter 
deflection,  as  described  above.  The  following  two  methods,  though 
based  on  the  same  principle,  are  more  convenient. 
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139.  Measurement  of  Magnetic  Flux  with  a  Ballistic  Galva- 
nometer. —  A  ballistic  galvanometer  is  a  measuring  instrument  whose 
deflections  are  proportional  to  very  brief  electric  discharges  through  it. 
An  electric  discharge  through  such  a  galvanometer  may  be  made  pro- 
portional to  a  sudden  change  in  a  magnetic  flux.  For  this  reason  the 
ballistic  galvanometer  is  widely  used  for  measuring  magnetic  fluxes. 
Like  most  galvanometers,  so  widely  used  in  physics,  a  ballistic  galva- 
nometer (Fig.  149)  consists  of  a  coil  of  fine  wire  suspended  in  the  field 
of  a  permanent  magnet.  When  a  current  passes  through  the  coil,  it 
is  deflected  according  to  the  strength  of  the  current.  The  torsion  of 
suspension  wires,  or  spiral  springs  (Fig.  34)  return  the  coil  to  zero, 
when  no  current  flows. 

The  only  difference  between  the  usual  type  and  the  ballistic  galva- 
nometer is,  that  the  moving  part  of  the  latter  has  a  much  greater 
inertia.  This  is  necessary  in  order  that  the  coil  should  not  begin  to 
move,  until  the  total  discharge  has  passed  through  it.  Only  under 
this  condition  does  the  instrument  give  deflections,  which  depend 
on  total  discharge,  rather  than  on  its  duration  or  the  instantaneous 
values  of  the  current.  If,  for  instance,  the  moving  part  is  made 
so  heavy,  that  the  period  of  its  swing  is  10  seconds,  the  coil  will  not 
move  appreciably  with  any  discharge  that  lasts,  say,  less  than  0.5 
second. 

For  measuring  a  magnetic  flux,  the  ballistic  galvanometer  is  con- 
nected to  the  secondary  coil  *i,  —  if  necessary  through  a  resistance  M 
to  reduce  deflections.  As  long  as  the  flux  remains  constant/the  galva- 
nometer shows  zero,  but  if  the  flux  is  suddenly  changed,  an  electric 
discharge  is  induced  in  the  galvanometer  circuit,  and  the  coil  begins 
to  move.  The  final  deflection  multiplied  by  a  constant  of  the  instru- 
ment is  a  measure  for  the  change  in  flux.  Let,  for  instance,  the  galva- 
nometer constant  be  50,000  maxwells  per  1  cm.  scale  deflection.  Then 
should  the  deflection  be  15  cm.,  the  change  in  flux  is  50,000  X  15  « 
750,000  maxwells,  or  750  kilo-lines. 

The  theory  and  the  calibration  of  ballistic  galvanometers  are  ex- 
plained in  §§177  and  178. 

140.  Orassot  Fluxmeter.  —  The  disadvantages  of  the  ballistic  gal- 
vanometer, described  in  the  preceding  article,  are: 

(1)  It  is  necessary  to  change  the  flux  in  order  to  measure  it. 

(2)  The  change  must  be  sudden,  in  order  that  the  electric. discharge 
be  completed  before  the  galvanometer  coil  begins  to  move. 

(3)  The  indications  are  only  instantaneous,  as  the  moving  coil 
immediately  begins  to  return. 

These  disadvantages  are  eliminated  in  the  Grassot  fluxmeter,  shown 
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in  Fig.  148.    The  details  of  the  moving  part  are  shown  in  Fig.  149.     It 

is  essentially  a  ballistic  galvanometer,  except  that  the  moving  coil  is 

suspended  from  a  single 

cocoon  fiber  of  negligible 

torsional   stiffness.       In 

an  ordinary  ballistic  gal- 
vanometer the  coil  is  re^ 

turned  to  zero  under  the 

influence  of  the  torsion 

of  the  suspension  wire; 

while  in  the   fluxmeter 

the  coil  remains  at  rest 

in    any    position,     and 

creeps  only   excessively 

slowly  towards  zero.  The 

upper  end  of  the  fiber  iS 

attached  to  the  flat  spiral 

spring  R  to  minimize  the 

effect  of  shocks.  The  stiff 

wire  frame  E  fixed  upon 

the  coil  B  allows  of  a  cen- 
tral attachment  of  the 

very  thin  silver  strips  8  and  «/,  serving  to  lead  the  current  to  and  from 

the  coil  B.    The  soft  iron  core  A  is  supported  within  the  coil,  between 

the  pole-pieces  NS  of  a  permanent  magnet,  the  field  in  the  air-gap 
being  of  a  great  and  uniform  intensity.  An  ar- 
restment, controlled  by  a  milled  button  in  front 
of  the  instrument,  serves  to  lock  the  coil  when  not 
in  use;  at  the  same  time  it  brings  the  pointer  back 
to  zero. 

The  instrument  is  connected  as  shown  in  Fig. 
147.  When  the  switch /£  is  closed,  the  coil  of  the 
fluxmeter  starts  into  motion  and  comes  to  rest  in 
a  new  position,  the  deflection  being  determined 
solely  by  the  magnitude  of  the  flux  (§  177  b). 
Whether  the  flux  is  increased  suddenly  or 
gradually,  the  deflection  is  precisely  the  same. 

Pig.  149.  Arrangement  When  the  flux  is  varied,  the  needle  of  the  instru- 
of  parts  in  the  Grassot  ment  follows  the  variations.  When  the  exciting 
flaxmeter.  circuit  is  opened,  the  coil  returns  once  more  to  its 

zero  position.    The  fluxmeter  may  be  calibrated  directly  in  maxwells; 

it  permits  the  reading  of  magnetic  fluxes  with  the  same  facility  with 


Fig.  148.    The  Grassot  fluxmeter. 
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which  currents  and  voltages  are  read  on  ordinary  ammeters  and  volt- 
meters. 

141.  Saturation  in  Iron. —  Experience  shows,  that  magnetic  flux  in 
air  and  in  other  non-magnetic  substances  is  strictly  proportional  to 
the  number,  of  ampere-turns  which  produce  it.  On  the  contrary,  in 
iron  and  steel  the  flux,  while  intensified  many  times,  increases  more 
slowly  than  the  exciting  ampere-turns  (Fig.  150).  This  peculiar 
property  of  iron  is  expressed,  for  the  lack  of  a  better  term,  by  saying 
that  the  iron  becomes  gradually  saturated  with  lines  of  force,  and  only 
reluctantly  allows  their  number  to  be  increased.  The  following 
example  may  make  this  clearer. 

Let  the  iron  cores  in  the  apparatus,  shown  in  Fig.  147,  be  removed, 
and  a  current  of  10  amperes  sent  through  the  exciting  coils.  Let  the 
fluxmeter  register  a  small  flux  of  2  kilo-lines  (in  the  air).  With  an 
exciting  current  of  20  amperes  it  will  register  4  kilo-lines.  Now  put 
the  cores  in  place  and  excite  the  coils  again  with  10  amperes;  a  much 
larger  flux  will  be  found,  say  800  kilo-lines.  But  at  20  amperes  the 
flux  will  probably  be  only  1200  instead  of  1600  kilo-lines,  showing  that 

the  iron  is  approaching  the 
saturation  limit.  The  influence 
of  saturation  is  seen  by  the 
curve  (Fig.  150)  gradually 
bending  toward  the  axis  of  ab- 
scissae; for  a  given  per  cent  in- 
crease in  excitation,  the  flux 
increase  becomes  less  and  less. 
The  curves  in  Fig.  150  illus- 
trate clearly  the  difference  in 
the  magnetic  properties  of  air 
and  iron.  The  addition  of 
a  very  small  air-gap  —  a 
few  thousandths  of  an  inch  —  decreases  appreciably  the  flux  produced 
by  a  given  number  of  ampere-turns.  This  is  expressed  by  saying  that 
the  permeability  of  air  is  much  lower  than  that  of  iron. 

For  some  practical  purposes  it  is  desirable  to  express  the  degree  of 
saturation  numerically.  The  revised  Standardization  Rules  (1907)  of 
the  American  Institute  of  Electrical  Engineers  specify  the  so-called 
saturation  factor  as  a  criterion  of  the  degree  of  saturation,  attained  in 
a  magnetic  circuit.  The  saturation  factor,  by  definition,  is  the  ratio 
of  a  certain  (small)  per  cent  increase  in  exciting  ampere-turns  to  the 
corresponding  percentage  increase  in  magnetic  flux  thereby  produced. 
In  the  lower  part  of  the  curve  (Fig.  150)  one  per  cent  increase  in  excit- 
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Fig.  150.     Influence  of  small  air-gaps 
on  the  magnetic  flux. 
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ing  ampere-turns  produces  one  per  cent  increase  in  the  flux;  therefore, 
the  saturation  factor  here  is  unity.  As  the  curve  bends  towards  the 
axis  of  abscissae  the  saturation  factor  gradually  increases  to  infinity. 
The  reciprocal  of  the  saturation  factor,  deducted  from  unity,  is  called 
percentage  of  saturation.  For  a  graphical  method  of  determination  of 
the  saturation  factor  and  of  the  percentage  of  saturation  see  Articles 
57  and  58  of  the  Standardization  Rules. 

142.  EXPERIMENT  7-A.—  Magnetization  Curves  and  Influence 
of  Air-Gap.  — The  purpose  of  the  experiment  is  to  illustrate  the  funda- 
mental relations  between  a  magnetic  flux  and  its  exciting  ampere- 
turns.  The  connections  are  shown  in  Fig.  147.  The  constant  of  the 
ballistic  galvanometer  or  of  the  fluxmeter  is  supposed  to  be  known; 
otherwise  the  instrument  is  calibrated  as  described  in  §  178.  Before 
beginning  the  experiment,  thoroughly  demagnetize  the  cores  from  the 
residual  flux  which  they  may  contain  after  a  previous  experiment. 
To  do  this,  excite  the  cores  to  a  considerable  degree  and  then  gradually 
reduce  the  current  to  zero  by  the  rheostat  ft,  at  the  same  time  continu- 
ally reversing  the  current  by  the  switch  K. 

Eliminate  the  air-gap  as  thoroughly  as  possible,  by  bringing  the 
cores  together,  and  excite  the  circuit  with  a  small  current,  keeping  the 
galvanometer  circuit  open. 

(a)  With  the  circuit  of  the  galvanometer  closed,  but  with  the  coil  at 
rest,  read  the  exciting  current  and  suddenly  reverse  K;  observe  the 
galvanometer  deflection.  It  is  preferable  in  practice  to  reverse  the 
exciting  current,  instead  of  opening  the  circuit,  on  account  of  some 
indefinite  residual  magnetism  which  remains  when  the  circuit  is  opened. 
By  reversing  the  current  the  flux  is  changed  by  a  definite  amount 
N  -  (—  N)  =  2N.  Again  open  the  galvanometer  circuit,  increase  the 
exciting  current,  and  produce  a  second  discharge  through  the  galvano- 
meter by  reversing  the  switch  K.  Proceed  in  this  way  as  far  as  the 
exciting  coils  will  stand  the  increasing  current.  To  keep  galvanometer 
deflections  within  reasonable  limits  either  the  resistance  M  is  varied, 
or  the  number  of  turns  in  the  coil  s\. 

(b)  Again  demagnetize  the  cores  and  repeat  the  same  experiment  with  a 
definite  air-gap,  say  0.010  inch.  Such  an  air-gap  may  be  easily  obtained 
by  interposing  a  thin  piece  of  fiber  or  paper  between  the  cores;  these 
materials  being  non-magnetic  have  the  same  effect  as  so  much  air.  Take 
a  magnetization  curve  as  before.     Make  similar  tests  with  larger  air-gaps. 

(c)  Substitute  cores  made  of  other  kinds  of  magnetic  materials,  say 
wrought  iron,  and  cast  iron. 

(d)  Check  the  statement  made  in  §  138,  that   the  exciting  force 
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depends  on  the  number  of  ampere-turns,  and  not  on  the  number  of 
turns  and  the  current  separately. 

If  a  fluxmeter  is  used  instead  of  a  ballistic  galvanometer  it  is  not 
necessary  to  reverse  the  exciting  current.  After  the  cores  have  been 
demagnetized,  connect  the  fluxmeter  to  the  secondary  coil  $i,  and 
gradually  increase  the  magnetizing  current.  Read  exciting  amperes 
and  fluxmeter  deflections. 

Report.    (1)   Plot  curves  as  in  Fig.  150. 

(2)  Plot  values  of  saturation  factor  (|  141)  for  an  upper  and  a 
lower  curve. 

(3)  See  if  the  increase  in  ampere-turns,  with  a  given  value  of  flux, 
is  proportional  to  the  length  of  the  air-gap. 

(4)  Determine  for  two  or  three  values  of  flux,  whether  the  increase 
in  ampere-turns  due  to  the  air-gap  is  proportional  to  the  magnitude 
of  the  flux. 

143.  Influence  of  the  Length  and  Cross-Section  of  a  Magnetic 
Circuit  on  its  Reluctance.  —  Imagine  the  magnetic  circuit,  shown  in 
Fig.  147,  to  be  entirely  closed,  that  is  to  say,  to  consist  of  a  solid 
piece  of  iron  without  any  air-gap.  Experience  shows,  that  in  this  case 
the  number  of  ampere-turns  necessary  to  produce  a  given  flux  is  propor- 
tional to  the  length  of  the  magnetic  circuit;  this  length  is  the  average 
length  of  the  lines  of  force,  as  indicated  by  the  dotted  lines.  This 
fact  is  analogous  to  a  similar  relation  in  the  electrical  circuit,  namely, 
that  the  e.m.f.  necessary  to  produce  a  certain  current  in  a  conductor, 
is  proportional  to  the  length  of  the  conductor,  other  conditions  being 
identical.  Here  the  exciting  ampere-turns,  or  the  magnetomotive  force 
is  analogous  to  electromotive  force,  and  the  magnetic  flux  to  electric 
current.  The  magnetic  circuit  may  thus  be  said  to  possess  a  certain 
resistance  to  the  passage  of  lines  of  force.  To  distinguish  this  magnetic 
resistance  from  electrical  resistance,  the  former  is  called  "reluctance." 
Thus  we  may  say  that  reluctance  is  proportional  to  the  length  of  a 
uniform  magnetic  circuit. 

Experience  shows  also,  that  with  non-magnetic  materials,  reluctance 
is  inversely  proportional  to  the  cross-section  of  the  path  of  the  flux. 
This  is  again  analogous  to  electrical  resistance,  which  is  inversely  pro- 
portional to  the  cross-section  of  a  conductor.  The  rule  is  not  altogether 
true  for  steel  and  iron,  on  account  of  the  peculiar  phenomenon  of  satura- 
tion described  in  §  141  (unless  referred  to  a  constant  flux  density).  When 
the  number  of  lines  of  force  per  square  inch,  or  the  magnetic  density, 
increases,  the  required  number  of  ampere-turns  increases  more  rapidly 
than  the  flux.  This  is  equivalent  to  saying  that  the  permeability 
(magnetic  conductivity)  of  iron  decreases,  as  the  flux  density  increases. 
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144.  Flux  Density  and  Ampere-Turns  per  Inch.  —  The  above  con- 
siderations show  that  the  number  of  ampere-turns  per  unit  length, 
necessary  for  producing  a  given  flux,  in  a  given  uniform  magnetic 
circuit,  is  proportional  to  the  length  of  the  circuit,  and  depends  on  the 
magnetic  density,  but  not  on  the  value  of  the  flux  itself.*  Thus,  the 
necessary  number  of  ampere-turns  may  be  expressed  with  the  aid  of 
a  single  experimental  coefficient:  Ampere-turns  per  unit  length  at  a 
given  flux  density.  In  the  above  example  (I  141)  let  the  cross-section 
of  the  iron  be  10  square  inches,  so  that  the  flux  density  with  10  amperes 
exciting  current  is  80  kilo-lines  per  square  inch.    Let  the  number  of 
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Fig.  151.    Magnetization  curve  of  a  sample  of  iron,  and  the  influence  of  an  imper- 
fect magnetic  contact  (the  dotted  line  represents  the  ideal  curve). 

turns  in  the  exciting  coils  be  320,  and  the  length  of  the  magnetic  circuit 
100  inches.    Then,  with  the  iron  used, 
320  X  10 


100 


32  ampere-turns  per  linear  inch 


necessary  to  produce  the  above  flux  density.  This  number,  32,  char- 
acterizes the  material  at  the  density  of  80  kilo-lines,  without  regard  "to 
the  length  or  the  cross-section  of  the  circuit.  The  curve  shown  in  Fig. 
151  is  plotted  in  this  way  from   the  upper  curve  in  Fig.   150.    The 

*  The  magnetic  circuit  is  no  different  in  this  respect  from  the  electric  circuit.    The 
familiar  Ohm's  law  may  be  written  in  the  form 

q 

or  E      .  / 

-y  -  k- 
l  q 

which  means,  that  the  e.m.f.  per  unit  length  of  conductor  is  proportional  to  cur- 
rent density,  but  does  not  depend  on  the  value  of  the  current  itself. 
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dotted  curve  shows  the  ideal  case  when  the  cores  consist  of  one  solid 
piece  of  iron;  the  curve  below  it  is  the  one  obtained  with  the  arrange- 
ment shown  in  Fig.  147,  where  a  small  air-gap  is  unavoidable. 

145,  EXPERIMENT  7-B.  —Influence  of  the  Length  and  Cross- 
section  of  a  Magnetic  Circuit  on  its  Reluctance.  — The  arrangement 
of  apparatus  and  the  method  for  measuring  the  flux  is  the  same  as  in 
§  142.  (a)  Take  one  section  of  the  cores  m,  mr  (Fig.  147)  and  bring 
the  ends  together  as  accurately  as  possible,  so  as  to  reduce  the  air-gap 
to  a  minimum.  Take  a  magnetization  curve,  as  in  Fig.  150.  (b)  Now 
take  the  cores  apart  and  fasten  between  them  two  straight  pieces  of 
iron,  of  the  same  cross-section  and  same  quality  of  material  as  the  rest, 
so  as  to  increase  the  length  of  the  magnetic  circuit.  Taking  a  similar 
curve,  you  will  find  that  more  ampere-turns  are  necessary  to  produce 
the  same  flux,  because  of  the  greater  length  of  the  magnetic  circuit, 
(c)  Take  out  the  straight  pieces  and  add  more  sections  m>  m'  in  parallel, 
so  as  to  increase  the  cross-section  of  the  magnetic  circuit.  Again  take 
a  magnetization  curve.  It  will  be  found  that  the  same  flux  is  obtained 
with  a  considerably  smaller  number  of  ampere-turns,  (d)  Repeat  the 
same  experiment  with  cores  made  of  different  material. 

Report.  Show  from  the  results  of  the  test  that  the  number  of  ampere- 
turns  necessary  to  produce  a  given  flux  is  proportional  to  the  length 
of  the  circuit,  but  increases  faster  than  the  decrease  in  the  cross-section 
of  the  magnetic  circuit,  due  to  saturation  in  the  iron.  For  each 
material  tested  plot  a  curve,  as  in  Fig.  151. 

146.  Magnetic  Leakage.  —  When  two  or  more  paths  in  parallel  are 
offered  to  an  electric  current,  it  is  divided  into  parts  inversely  propor- 
tional to  the  resistances  of  the  paths.  In  a  similar  way,  a  magnetic  flux 
is  divided  when  two  paths  are  offered  to  it,  as  in  Fig.  152.  The  apparatus 
shown  there  is  the  same  as  in  Fig.  147,  only  the  exciting  coils  pp  are 
placed  unsymmetrically.  The  flux  produced  in  the  lower  core  in  part 
goes  through  the  upper  core,  in  part  finds  its  way  directly  through  the 
air,  as  shown  by  dotted  lines.  This  latter  portion  is  called  the  leakage 
flux,  because  in  most  practical  cases  it  is  not  utilized  for  the  purpose  for 
which  the  magnetic  circuit  is  produced.  Thus,  in  electric  generators 
and  motors,  part  of  the  flux  —  instead  of  going  through  the  armature 
of  the  machine  —  is  shunted  around  it,  and  passes  uselessly  from 
pole  to  pole,  directly  through  the  air.  The  lower  core  in  Fig.  152 
corresponds  to  the  field  frame  of  a  machine,  the  upper  one  to  its 
armature. 

The  harm  occasioned  by  magnetic  leakage  consists  in  the  necessity 
for  a  larger  flux  to  be  produced  than  is  actually  utilized.    This  means 


Chap.  7] 


THE  MAGNETIC  CIRCUIT. 


175 


Yi 


4J 


a 


jp 


Leakage 
'flux 


» 

JJJ 


more  exciting  ampere-turns,  consequently  more  copper,  and  more 
expenditure  of  energy  for  excitation.  The  case  is  made  worse  by 
saturation  in. iron,  since  any  increase  in  flux  means  a  disproportional 
increase  in  the  number  of  exciting  ampere-turns.  Suppose,  for  instance, 
that  the  leakage  in  a  certain  case  amounts  to  20 
per  cent  of  the  useful  flux  (this  is  not  an  uncom- 
mon figure  in  practice).  The  increase  in  the  ex- 
citing ampere-turns  necessary  for  producing  20 
per  cent  additional  lines  of  force  may  be  50  per 
cent  or  more,  due  to  a  higher  saturation  in  iron. 

For  this  reason  it  is  of  importance  to  know  how 
to  measure  magnetic  leakage,  and  to  learn  the 
principal  factors  upon  which  it  depends.  In  the  pi 
apparatus  shown  in  Fig.  152,  the  leakage  flux,  k 
or  the  difference  between  the  total,  and  the  use- 
ful fluxes,  may  be  measured  by  a  ballistic  gal-  *z*^zs* 
vanometer  or  a  fluxmeter  as  before,  by  taking  p^,.  152.  Arrangement  of 
discharges  first  through  the  coil  «2  (total  flux),  coils  for  studying  mag- 
then  through  8t  (useful  flux).  It  is  more  difficult  netic  leakage  with  the 
to  study  accurately  the  actual  distribution  of  the  ^J^J"  illustrated  in 
leakage  flux  in  space,  because  this  means  measur- 
ing its  magnitude  and  direction  from  point  to  point.  At  the  same  time, 
a  study  of  the  map  of  magnetic  leakage  is  of  a  considerable  practical 
importance,  because  it  permits  the  designer  to  modify  the  form  and 
dimensions  of  the  frame  of  a  machine  so  as  to  minimize  the  leakage. 

A  preliminary  study  of  distribution  of  the  leakage  flux  may  be  made 
with  a  small  magnetic  needle  freely  suspended  from  a  silk  thread.  The 
direction  of  the  needle  in  different  places  of  the  stray  field  gives  an  idea 
as  to  the  directions  of  the  leakage  lines  of  force.  After  this,  the  flux 
may  be  investigated  either  with  a  ballistic  galvanometer,  a  fluxmeter, 
or  a  bismuth  spiral  (§  185).  When  a  ballistic  galvanometer  is  used, 
a  small  exploring  coil  is  connected  to  it,  and  is  brought  into  the  place 
in  which  it  is  desired  to  measure  the  leakage.  The  coil  is  held  on  a 
pivot  by  a  retaining  spring.  Believing  the  spring,  the  coil  is  snapped 
by  180  degrees.  The  flux  cut  during  this  movement  produces  a  dis- 
charge in  the  galvanometer  proportional  to  the  flux.  If  this  is  imprac- 
ticable, for  instance,  because  of  a  narrow  space,  the  coil  is  made  flat  and 
after  having  been  brought  into  the  desired  place  is  withdrawn  quickly 
from  the  field.  In  some  other  cases  the  exciting  current  must  be  broken 
or  reversed  in  order  to  produce  the  desired  galvanometer  deflection. 

When  using  a  fluxmeter  or  a  bismuth  spiral,  the  mere  fact  of  bring- 
ing the  exploring  coil  into  the  field  gives  the  desired  deflection. 
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147.  Factors  on  which  Magnetic  Leakage  Depends.  —  Generally 
speaking,  the  magnitude  of  a  leakage  flux  depends  on  the  relative 
values  of  the  reluctances  of  the  useful  path  and  of  the  stray  paths. 
Any  factor  which  decreases  the  reluctance  of  the  stray  path  or  increases 
the  reluctance  of  the  useful  path  creates  conditions  favorable  for 
leakage.  Thus,  for  instance,  making  the  U-shaped  cores  (Fig.  152) 
narrower,  in  other  words,  bringing  the  two  legs  of  each  core  closer 
together,  is  sure  to  increase  the  leakage,  as  it  shortens  the  path  for  the 
leakage  flux  through  the  air.  Increasing  the  air-gap  between  the  two 
U's  also  increases  per  cent  leakage,  because  it  increases  the  reluctance 
of  the  useful  path.  For  the  same  reason  per  cent  leakage  increases 
with  the  increase  in  saturation  in  iron.  Moving  the  exciting  coils  lower, 
increases  the  cross-section  of  the  leakage  flux  (in  the  vertical  plane  per- 
pendicular to  the  paper),  consequently  increases  the  leakage  flux  itself. 

An  important  case  of  increase  in  leakage  is  that  due  to  some  counter- 
acting ampere-turns  (here  put  on  the  upper  core,  as  shown  by  dotted 
lines).  This  corresponds  in  practice  to  armature  currents  which  coun- 
teract the  excitation  produced  by  the  field  coils.  The  phenomenon  is 
known  in  generators  and  motors  as  the  armature  reaction.  That 
armature  reaction  increases  magnetic  leakage,  may  be  understood  from 
the  following  example.  Let  it  be  required  to  maintain  a  certain  flux 
of  N  lines  of  force  in  the  upper  core  (Fig.  152),  whether  or  not  a  cur- 
rent flows  through  the  upper  coils  shown  by  dotted  lines.  Suppose 
that  each  section  of  the  coils  has  40  turns,  and  that  at  no  load  the 
necessary  flux  N  is  produced  with  10  amperes  exciting  current,  or 
10  X  6  X  40  =  2400  ampere-turns.  Let  the  leakage  flux  at  no  load 
be  20  per  cent  of  N.  Now  suppose  that  an  opposing  current  of  15 
amperes  is  sent  through  the  upper  coils,  creating  an  armature  reaction 
of  15  X  2  X  40  =  1200  ampere-turns.  Without  leakage,  the  lower 
exciting  coils  would  have  to  produce  2400  +  1200  =  3600  ampere- 
turns  in  order  to  give  the  same  flux  as  before.  With  leakage  this 
increase  is  not  sufficient,  as  is  shown  by  the  following  simple  calcula- 
tion. The  leakage  flux  in  the  lower  core  at  no  load  was  0.2  N;  the 
increase  in  ampere-turns  to  3600  increases  the  leakage  to 

°-2iVxioo  =  0-3*- 

Consequently,  with  the  same  total  flux  1.2  AT  as  before,  the  flux  in 
the  upper  core  is  now  only  1.2  .V  -  0.3  N  =  0.9  N,  even  though  50 
per  cent  increase  in  ampere-turns  were  added  on  the  lower  core.  This 
shows  the  importance  of  keeping  the  magnetic  leakage  as  low  as 
possible. 
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148.   EXPERIMENT  7-C.  —A  Study  of  Magnetic  Leakage.  — 

The  purpose  of  the  experiment  is  to  illustrate  the  relations  explained  in 
the  two  preceding  articles.  The  apparatus  used  is  shown  in  Figs.  147 
and  152.  Magnetic  leakage  depends  on  several  factors,  and  it  is  best 
to  investigate  the  influence  of  each  factor  separately.  The  total  flux  is 
measured  by  discharge  through  the  coil  s2  (Fig.  152),  the  useful  flux  by 
that  through  the  coil  S\. 

(a)  Influence  of  air-gap  and  of  saturation.  Set  the  exciting  coils  pp 
as  shown  in  Fig.  152,  and  place  the  upper  core  as  close  as  possible  to 
the  lower  core  (no  air-gap).  Take  an  accurate  curve  of  fluxes  in 
«i  and  s2  with  various  values  of  the  exciting  current  (Fig.  150).    Read 
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Exciting  Ampere-turns 


Fig.  153.    Increase  in  per  cent  leakage  with  increased  saturation  in  iron. 


the  fluxes  as  in  experiment  7- A  (§  142).    Repeat  similar  tests  with 
two  or  three  different  values  of  air-gap. 

(b)  Influence  of  the  position  of  the  magnetizing  coils.  Select  a  value 
of  air-gap,  and  place  the  exciting  coils  symmetrically  with  respect  to 
the  two  cores,  as  in  Fig.  147,  and  measure  the  fluxes  in  both  cores. 
Then  gradually  move  the  coils  lower,  as  in  Fig.  152,  and  take  similar 
leadings.  Repeat  the  same  experiment  with  different  values  of  air- 
gap  and  of  the  exciting  current. 

(c)  Influence  of  the  shape  of  pole-pieces.  Put  pieces  of  iron  on  the 
inner  side  of  the  ends  of  the  lower  core,  so  as  to  assist  the  leakage 
through  the  air.  Investigate  the  influence  of  the  shape  of  these  pole- 
pieces  with  different  degrees  of  saturation  in  the  iron  and  with  different 
lengths  of  the  air-gap. 
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(d)  Effect  of  armature  reaction.  Excite  the  coils  on  the  upper  core 
to  oppose  the  lower  coils,  as  shown  in  Fig.  152.  Determine  the  value 
of  the  flux  in  s2  necessary  for  producing  a  given  flux  in  &\,  with  and 
without  the  opposing  coils.  Reverse  the  current  in  the  upper  coils, 
so  as  to  make  them  assist  the  lower  exciting  coils;  observe  the  change 
in  leakage.  Repeat  similar  tests  with  different  positions  of  the  coils, 
different  degrees  of  saturation  in  the  iron  and  various  lengths  of  air-gap. 

Report  the  results  in  such  a  form  as  to  make  cleaprthe  influence  of 
each  factor.  The  ratio  of  total  flux  to  useful  flux  is  called  the  leakage 
coefficient.  Make  use  of  this  coefficient  in  order  to  bring  out  the  results 
of  the  experiment  in  a  simple  form.  Sample  curves  showing  the  effect 
of  air-gap  and  of  saturation  on  the  value  of  this  coefficient  are  given  in 
Fig.  153. 

149.  EXPERIMENT  7-D.  —Maps  of  Stray  Flux.  —This  experi- 
ment supplements  the  preceding  one,  the  purpose  being  to  determine  the 
actual  paths  of  leakage  lines  of  force.  The  methods  of  observation  are 
described  in  §  146.  Establish  certain  magnetic  conditions,  as  in  Fig. 
152,  and  investigate  as  closely  as  possible  the  direction  and  the  mag- 
nitude of  the  stray  flux  at  various  places.  Change  the  conditions,  as 
indicated  in  the  preceding  experiment,  and  see  the  effect  on  the  stray 
flux.  Preferably  select  the  same  conditions  for  which  values  of  the 
leakage  coefficient  were  determined  in  the  preceding  experiment. 

Report.  Plot  the  principal  directions  of  the  stray  flux  in  several 
vertical  and  horizontal  planes;  mark  the  magnetic  densities  per  square 
inch  or  square  cm.  State  whether  the  densities  increase  proportion- 
ately in  all  places,  with  the  increase  in  current.  Discuss  the  influence 
of  the  factors  enumerated  in  §  148,  and  show  how  they  should  theoreti- 
cally affect  the  distribution  and  the  intensity  of  the  stray  flux. 

MAGNETIC    FIELD    OF    DIRECT-CURRENT   MACHINES. 

150.  The  fundamental  properties  of  the  magnetic  circuit  investi- 
gated above  will  now  be  applied  fo  a  study  of  magnetic  fields  in  electric 
generators  and  motors.  In  laying  out  a  machine,  the  designer  makes 
certain  assumptions  by  which  he  determines  the  value  and  the  distri- 
bution of  the  magnetic  flux  in  the  machine.  A  knowledge  of  the 
experimental  methods  by  which  the  magnetic  quantities  are  measured 
on  actual  machines  is  of  primary  importance,  since  the  test  data  serve 
as  a  foundation  for  design.     The  principal  values  of  importance  are: 

(1)  Total  flux  in  the  armature  and  field  (Fig.  264). 

(2)  Leakage  coefficient,  or  the  ratio  between  the  total  and  the 
useful  flux  (§  148). 
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(3)  Distribution  of  the  flux  in  the  air-gap  (Fig.  154).  These  three 
points  will  now  be  taken  up  more  in  detail. 

151.  Total  Flux  in  Armature  and  Field. — Magnetic  flux  in  the 
armature  of  a  machine  is  smaller  than  that  in  the  field,  since  part  of 
the  flux  finds  its  way  from  pole  to  pole  through  the  air  surrounding  the 
armature,  constituting  what  is  called  the  leakage  or  the  stray  flux 
(Fig.  152).  Both  fluxes  may  be  measured  by  a  calibrated  ballistic 
galvanometer,  a?lh  Fig.  147.  To  measure  the  flux  in  a.  pole-piece  a 
known  number  of  turns  of  an  exploring  winding  are  wound  on  the  pole 
and  connected  to  the  ballistic  galvanometer.  A  current  is  sent  through 
the  regular  field  winding,  and  then  the  circuit  is  opened,  or,  still  better, 
reversed  (to  eliminate  residual  magnetism).  Knowing  the  ballistic 
constant,  the  flux  can  be  figured  out  directly  in  maxwells  from  the 
instrument  reading.  A  fluxmeter  (§  140)  may  be  conveniently  used 
instead  of  the  ballistic  galvanometer. 

It  is  hardly  practicable  with  large  machines  to  suddenly  open  the 
field  circuit,  or  to  reverse  the  current,  on  account  of  the  very  high 
self-induction  of  the  windings.  The  induced  e.m.f.'s  may  reach  several 
thousand  volts,  are  dangerous  to  the  operator,  and  harmful  to  the 
insulation  of  the  winding.  In  such  cases  the  flux  is  varied  in  steps.  A 
resistance  is  connected  in  series  with  the  field  winding,  and  is  short- 
circuited  by  a  switch.  By  suddenly  opening  the  switch  the  flux  is 
changed,  due  to  the  decrease  of  field  current,  and  the  ballistic  impulse 
(often  called  kick)  may  be  observed.  If  a  fluxmeter  is  available,  the 
field  may  be  varied  slowly,  and  a  total  magnetization  curve  taken  in 
a  very  few  minutes. 

The  flux  in  the  armature  is  measured  by  putting  on  it  an  exploring 
winding,  which  embraces  the  useful  flux  passing  from  one  pole  to  the 
next  through  the  armature  iron.  The  exploring  coil  is  connected  to 
the  ballistic  galvanometer  as  before  and  impulses  produced  by  varying 
the  field  current.  Another  simple  method  for  determining  the  total  flux 
in  the  armature  is  to  drive  the  machine  at  no  load,  and  to  calculate  the 
flux  from  the  induced  e.m.f .  by  the  familiar  formula 
jp  jXnX  (r.p.m.)  vin_8 
*-  60  X1°    ' 

n  is  the  total  number  of  conductors  on  the  armature,  and  4>  the  useful 
flux  (per  pole)  of  the  machine,  in  maxwells.     The  formula  is  applicable 
to  bipolar  machines  and  such  multipolar  armatures  as  are  multiple- 
wound   (see  §  580).    For  series-wound  multipolar  armatures 
E  _     »  X  n  X  (r.p.m.)        1(r§ 
r  60 


where  p  is  the  number  of  pairs  of  poles. 
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When  the  value  of  the  leakage  coefficient  of  the  machine  is  known, 
the  corresponding  flux  in  the 'pole-pieces  can  be  calculated,  or  at  least 
estimated. 

One  of  the  most  important  problems  in  connection  with  flux  calcu- 
lations is  that  of  estimating  the  influence  of  armature  reaction,  or  the 
armature  demagnetizing  ampere-tump.  This  influence  may  be  deter- 
mined experimentally  by  sending  a  current  through  the  armature  from 
an  outside  source;  the  armature  must  be  clamped  so  that  it  cannot 
revolve.  The  flux  existing  in  the  field  with  various  currents  in  the 
armature,  and  different  settings  of  brushes,  is  measured  as  before. 
With  the  brushes  set  on  one  side  of  the  neutral,  the  field  is  weakened  by 
the  armature  reaction;  on  the  other  side  it  is  strengthened. 

152.  EXPERIMENT  7-E.  —  Measurement  of  Magnetic  Flux  in 
D.  C.  Machines.  —  A  calibrated  ballistic  galvanometer  (§  139)  or  a  flux- 
meter  (§  140)  must  be  provided  for  the  purpose.  Put  a  certain  num- 
ber of  turns  of  fine  wire  on  one  of  the  field  coils,  and  the  same  number 
of  turns  on  the  armature.  Begin  the  experiment  with  the  field  at  zero 
value,  having  previously  demagnetized  the  iron  (§  142).  Increase  the 
flux  in  steps,  observing  each  time  the  ballistic  throw.  It  is  best  to  go 
over  the  complete  cycle  several  times  to  be  sure  that  {he  deflections  are 
correct.  Make  similar  runs  with  the  ballistic  galvanometer  connected 
to  the  exploring  coil  on  the  armature. 

After  this,  investigate  the  influence  of  the  armature  reaction.  Clamp 
the  armature,  so  that  it  cannot  revolve;  set  the  brushes  on  the  neutral. 
Send  a  comparatively  large  current  through  the  armature,  and  take 
the  same  magnetization  cycles  as  before.  This  part  of  the  experiment 
can  be  much  moje  conveniently  performed  with  a  fluxmeter  than  with 
a  ballistic  galvanometer.  Shift  the  brushes  by  one  commutator  seg- 
ment, and  repeat  the  same  run,  shift  the  brushes  again,  etc.  Carry 
this  operation  as  far  as  the  brush-holder  can  be  moved.  Make  similar 
runs  with  the  brushes  shifted  in  the  opposite  direction. 

If  possible,  perform  this  test  on  a  machine  provided  with  compen- 
sating poles  (§  340),  in  order  to  see  the  influence  of  the  compensating 
winding. 

If  the  number  of  turns  in  the  armature  winding  and  the  connections 
are  known,  take  a  no-load  saturation  curve  (Fig.  266)  in  order  to  check 
the  values  of  the  flux  by  the  formula  given  in  §  151.  Or,  this  method 
may  be  applied  for  determining  the  constant  of  the  ballistic  galvano- 
meter. 

Report.  Plot  to  exciting  current  as  abscissae,  values  of  flux  in  the 
pole-pieces  and  in  the  armature;  plot  to  the  same  abscissae  the  ratio  of 
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the  fluxes,  or  the  leakage  coefficient  of  the  machine  (>  1).  Check  the 
values  of  the  armature  flux  obtained  balKstically  with  those  calculated 
from  the  induced  e.m.f .  Plot  to  brush  positions  as  abscissae  values  of 
flux  as  influenced  by  the  armature  reaction;  draw  on  the  same  sheet 
a  horizontal  line  showing  the  flux  with  the  armature  circuit  open. 
Explain  the  cause  of  the  demagnetizing  action  of  the  armature,  and 
the  influence  of  the  position  of  the  brushes. 

153.  Leakage  Coefficient.  —  The  leakage  coefficient,  by  definition, 
is  the  ratio  of  the  total  flux  produced  in  a  pole  to  the  flux  actually  used 
in  the  armature  for  inducing  e.m.f.'s.  This  ratio  varies  in  modern 
machines  from  1.20  to  1.50,  according  to  the  type,  proportions,  and 
saturation  in  the  iron.  A  leakage  coefficient  of  1.30  means  that  out  of 
every  130  lines  of  force  produced  in  pole-pieces,  only  100  actually  pass 
into  the  armature;  the  rest  find  their  path  directly  through  the  air 
from  pole  to  pole. 

It  is  important  to  keep  the  leakage  flux  as  low  as  possible,  since  any 
increase  in  flux  means  a  disproportionate  increase  in  field  copper,  on 
account  of  saturation  of  the  iron  (§  147).  Moreover,  machines  with 
large  leakage  give  a  poor  voltage  regulation,  because  the  armature 
reaction*  more  easily  deflects  the  flux  into  leakage  paths.  The  leakage 
coefficient  increases  with  saturation,  because  of  the  increase  in  the 
reluctance  of  the  useful  path  in  the  armature,  while  that  of  the  leakage 
paths  in  the  air  remains  constant. 

With  the  same  useful  flux,  the  leakage  is  larger  when  the  machine 
is  loaded  than  at  no  load,  because  the  magnetomotive  force  between 
the  poles  is  larger  (§  147). 

The  leakage  coefficient  may  be  determined  as  explained  in  §  152  by 
measuring  ballistically  the  fluxes  in  the  field  and  the  armature  and 
taking  their  ratio.  The  galvanometer  does  not  need  to  be  calibrated; 
the  ratio  of  deflections  gives  directly  the  value  of  the  leakage  coeffi- 
cient. 

Mr.  R.  Goldschmidt  suggested  a  compensation  (or  zero)  method 
which  does  not  require  a  ballistic  galvanometer.  According  to  this 
method  a  smaller  number  of  exploring  turns  is  put  on  the  pole-piece 
than  on  the  armature;  the  two  exploring  coils  are  connected  in  opposi- 
tion, and  in  series  with  an  ordinary  low-reading  voltmeter  (in  place  of 
a  ballistic  galvanometer).  When  the  flux  is  varied,  the  impulses 
induced  in  the  two  coils  are  in  opposite  directions,  and  the  voltmeter 
receives  the  difference  of  the  two.  The  ratio  of  the  number  of  turns  in 
the  two  coils  is  varied'  until  the  voltmeter  needle  remains  at  zero  — 
when  the  flux  is  increased  or  decreased.  Then  the  inverse  ratio  of  the 
number  of  turns  gives  the  ratio  of  the  fluxes,  or  the  leakage  coefficient. 
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Suppose,  for  instance,  that  20  turns  were  put  on  the  armature.  With 
15  turns  on  the  field,  the  voltmeter  gave  a  small  deflection  in  one  direc- 
tion; with  16  turns,  in  the  opposite  direction.  The  ratio  of  the  fluxes, 
or  the  leakage  coefficient,  is  between 

?f  -  1.33  and  ?§    =  1.25. 
15    *  16 

The  true  value  may  be  estimated  by  noting  the  relative  values  of  the 
deflections.  This  method  is  not  as  accurate  as  the  ballistic  method, 
but  is  accurate  enough  for  technical  purposes,  and  more  convenient 
for  testing  floor  work. 

When  using  Goldschmidt's  method  the  moving  system  of  the  volt- 
meter must  be  slightly  weighted,  so  as  to  increase  its  moment  of  inertia. 
Otherwise  the  pointer  moves  both  ways  while  the  flux  is  being  changed. 
This  is  because  the  flux  often  does  not  vary  at  the  same  rate  in  the  field 
and  in  the  armature. 

In  some  cases,  especially  with  new  designs,  it  is  desired  to  know  not 
only  the  value  of  the  leakage  coefficient,  but  also  the  actual  distribu- 
tion of  the  leakage  flux.  This  enables  the  designer  to  find  where  most 
of  the  flux  is  lost  and  to  change  the  forms  and  the  proportions.  The 
methods  for  exploring  the  stray  flux  are  described  in  §§  146  and  149. 

154.  EXPERIMENT  7-F.  —Determination  of  Magnetic  Leak- 
age Coefficient  in  Electrical  Machines.  — The  arrangement  of  the 
apparatus  is  the  same  as  in  §  152;  in  fact,  the  two  experiments  may  be 
performed  simultaneously.  Investigate  the  influence  of  the  factors  men- 
tioned in  §  153.  At  the  end  of  the  experiment  increase  the  pole.arcs  by 
adding  strips  of  iron  on  both  sides  of  the  pole-pieces;  observe  the  result- 
ant increase  in  leakage.  It  is  not  necessary  to  fasten  the  strips;  they 
will  be  securely  held  in  place  by  magnetic  attraction.  Try  Gold- 
schmidt's  method  of  measuring  the  leakage  coefficient  with  an  ordinary 
voltmeter. 

Report.  Plot  to  exciting  currents  as  abscissae,  values  of  leakage 
coefficient  with  no  current  in  the  armature.  Plot  to  brush  positions 
as  abscissae,  values  of  leakage  coefficient  with  a  certain  current  in  the 
armature.  Show  the  influence  of  an  increased  pole  arc.  Give  the 
rfesults  obtained  by  using  the  opposition  method,  with  an  ordinary 
voltmeter. 

1 55.  Distribution  of  Flux  in  an  Air-Gap.  — The  actual  distribution 
of  flux  in  the  air-gap  of  an  electrical  machine  (Fig.  154)  may  be  deter- 
mined by  inserting  there  a  flat  bismuth  spiral  (§  185),  or  a  flat  coil 
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connected  to  a  fluxmeter.    These  methods  are  more  of  an  academical 
character,  and  are  seldom  used  in  practice. 

The  method  actually  used  with  direct-current  machines  involves  the 
measurement  of  the  e.m.f.  induced  in  the  armature  coils  when  they 
pass  through  a  certain  point  in  the  air-gap.  Two  small  brushes  are 
mounted  on  a  temporary  brush-holder,  and  the  distance  between  them 
is  adjusted  to  be  equal  to  the  distance  between  the  centers  of  two 
adjacent  'Commutator  segments.  The  brushes  are  insulated  from 
each  other,  and  connected  to  a  low-reading  voltmeter.  When  the 
machine  is  revolving,  these  two  "pilot "  brushes  measure  in  succession 
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Fig.  164.    Field  distortion  in  a  direct-current  generator,  due  to  the  armature 

reaction. 


the  voltage  at  the  terminals  of  all  armature  coils,  tf  hen  the  same  come 
into  a  certain  position  with  respect  to  the  field.  In  other  words,  they 
measure  the  voltage  induced  in  a  certain  place  of  the  field;  this  voltage 
is  proportional  to  the  flux  density  at  the  point  under  consideration. 

By  gradually  moving  the  pilot  brushes  around  the  commutator,  the 
distribution  of  the  flux  density  may  be  measured  from  pole  to  pole;  the 
results  should  be  plotted  as  in  Fig.  154.  The  same  experiment,  repeated 
with  the  armature  loaded,  gives  a  different  distribution,  because  of  tfye 
weakening  and  distorting  action  of  the  armature  ampere-turns.  rS 

This  method  requires  putting  an  extra  brush-holder  on  the  machine, 
and  a  divided  sector  for  measuring  angles.     A  simpler  arrangement, 
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sufficiently  accurate  for  practical  purposes,  was  described  in  the  Elec- 
tric Club  Journal  1904,  p.  484.  The  device  consists  of  a  template 
made  of  cardboard,  with  holes  for  voltmeter  points.  The  holes  are 
spaced  so  as  to  correspond  to  a  certain  number  of  commutator  bars. 
The  template  is  laid  around  the  commutator,  as  close  as  possible,  but 
without  touching  it,  and  is  securely  fastened  to  the  brush-holder. 
When  the  machine  is  revolving,  voltmeter  points  are  inserted  in  each 
two  adjacent  holes  and  the  voltage  measured.  Ordinary  metal  points 
may  scratch  the  commutator;  it  is  better  to  use  hard  drawing  pencils. 
In  alternators,  the  distribution  of  magnetic  flux  in  the  air-gap  may 
be  best  determined  by  taking  a  curve  of  induced  e.m.f .  in  an  exploring 
coil  placed  on  the  armature.  This  can  be  done  either  by  the  point- 
to-point  method  (§  588)  or  with  an  oscillograph  (§  591). 

156.  EXPERIMENT  7-G.  —  Determination  of  Magnetic  Distri- 
bution in  the  Air-Gap  of  a  D.C.  Machine.  — The  purpose  of  the  exper- 
iment is  to  obtain  curves  similar  to  those  shown  in  Fig.  154;  the  method 
is  described  in  the  preceding  article.  Either  two  movable  pilot  brushes 
may  be  used,  or  a  template  and  voltmeter  points,  (a)  Bring  the 
machine  to  full  speed,  run  it  light  as  a  generator  at  normal  voltage, 
with  the  regular  brushes  in  the  neutral  line.  Take  the  magnetic  dis- 
tribution curve,  as  shown  in  Fig.  154,  by  reading  volts  between  consec- 
utive commutator  segments  and  angular  positions  of  the  contacts, 
(b)  Take  similar  curves  with  the  field,  first  highly  saturated,  and 
then  with  a  very  low  saturation,  (c)  Load  the  machine  on  resistances 
and  take  similar  curves;  if  possible  again  have  the" same  three  terminal 
voltages.  The  brushes  should  be  set  at  the  point  of  minimum  sparking, 
(d)  Run  the  machine  as  a  motor,  driving  a  generator;  take  the  same 
three  curves  within  as  wide  range  of  field  currents  as  possible,  (e) 
If  a  machine  with  compensating  poles  is  available,  take  curves  with 
and  without  the  compensating  winding;  also,  if  possible,  with  the 
compensating  winding  connected  in  the  wrong  direction. 

Report  the  results  in  the  form  of  curves  shown  in  Fig.  154;  explain 
the  observed  differences  in  the  distribution  of  the  flux. 

TESTS    OF   LIFTING  AND    TRACTIVE   ELECTROMAGNETS.* 

157.  Electromagnets  are  used  in  practice  for  various  duties,  par- 
ticularly for  exerting  mechanical  pull,  or  lifting  weights.  They  are 
especially  convenient  for  intermittent  work,  where  a  short  stroke  and 
quick  action  are  required.    Thus,  they  are  used  for  releasing  crane  and 

*  Figs.  156  to  160  are  taken  by  permission  from  Mr.  C.  R.  Underbill's  booklet. 
Facts  about  Electromagnets. 
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elevator  brakes  (Fig.  496),  for  operating  switches  and  starters  (Fig. 
484),  for  supporting  weights  carried  by  a  crane  (Fig.  155).  Electro- 
magnets are  also  widely  used  as  relays  for  closing  all  kinds  of  auxiliary 
or  operating  circuits  (see  Fig.  538). 

Electromagnets  used  for  heavy  mechanical  duty  may  be  subdivided 
into  two  classes:  lifting  magnets  and  tractive  magnets.  The  first 
(Fig.  155)  are  employed  for  merely 
supporting  weights;  the  second 
(Figs.  156,  157,  and  158)  for 
performing  certain  work  by  the 
movement  of  a  plunger.  The 
characteristics  of  each  class  will  be 
described  separately. 

J  58.  LJfti  ng  Electromagnets. — 
Electromagnets  of  this  type,  Fig. 
155,  are  used  in  shops  and  in  roll- 
ing mills  where  large  pieces  of  iron 
are  regularly  carried  by  cranes. 
An  electromagnet,  suspended  from  a 
crane  in  place  of  the  usual  hool$,  is 
lowered  to  the  piece  of  iron  to  be  car- 
ried, and  is  energized.  The  piece 
is  attracted,  and  may  be  safely 
lifted  by  the  crane.  To  release  the 
piece,  it  is  sufficient  to  open  the 

exciting  circuit  of  the  electromagnet.  The  advantage  of  this  method 
over  the  ordinary  hook  is  that  the  work  is  performed  more  quickly, 
as  no  time  is  lost  in  fastening  the  hook,  and  in  unhooking  the  piece  at 
the  end  of  the  travel.  The  lifting  electromagnet,  shown  in  Fig.  155, 
consists  of  a  steel  casting  with  a  circular  hole  in  it  for  the  exciting  coil. 
Lines  of  force  pass  through  the  inside  core,  then  through  the  object  to 
be  lifted,  and  the  path  is  completed  through  the  outside  part  of  the 
electromagnet  frame.  The  armature  and  the  hook,  shown  in  the 
sketch  by  dotted  lines,  are  not  used  in  regular  operation;  they  are 
shown  merely  to  indicate  the  way  in  which  the  electromagnet  may  be 
tested  for  tractive  effort. 

Lifting  electromagnets  are  made  of  different  shapes,  according  to 
the  purpose  for  which  they  are  intended  to  be  used.  Thus,  in  rolling 
mills,  where  large  sheets  are  carried,  lifting  electromagnets  are  made 
with  several  short  projecting  poles,  each  provided  with  an  exciting  coil. 
This  is  done  in  order  to  support  the  sheet  in  several  places  simulta- 
neously.   For  carrying  pig-iron  of  irregular  form,  electromagnets  are 


i 
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Fig.  155.    A  lifting  electromagnet. 
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provided  with  long,  projecting  poles,  which  may  be  sunk  into  a  heap 
of  pig-iron/ — the  pieces  stick  to  the  poles  on  all  sides.  To  make  the 
action  still  more  effective,  the  poles,  or  fingers,  may  be  made  movable 
in  the  vertical  direction,  so  that  each  pole  is  sure  to  come  in  contact 
with  the  heap. 

The  lifting  power  of  an  electromagnet  depends  not  only  on  its  con- 
struction and  on  the  exciting  current,  but  also  on  the  form  of  the  piece 
to  be  lifted,  and  on  the  quality  of  iron  in  it.  This  is  because  the  mag- 
netic flux  is  closed  through  the  piece  to  be  lifted;  hence  the  reluctance 
of  this  piece  determines  the  value  of  the  flux.  To  make  the  conditions 
definite,  when  testing  such  an  electromagnet,  an  armature  should  be 
used  with  the  smallest  possible  reluctance;  such  an  armature  is  shown 
by  dotted  lines  in  Fig.  155.  Under  such  conditions  the  electromagnet 
develops  the  maximum  possible  lifting  power.  If,  however,  the  elec- 
tromagnet is  intended  for  a  definite  service,  for  instance,  for  lifting  a 
certain  kind  of  plates  in  a  rolling  mill,  the  test  may  be  performed  by 
using  such  plates,  instead  of  an  arbitrary  armature. 

159.   EXPERIMENT  7-H.  —Test  of  a  Lifting  Electromagnet.  — 

Suspend  the  electromagnet  (Fig.  155)  from  a  secure  place  and  provide 
an  iron  armature  with  a  hook,  as  shown  by  dotted  lines;  weigh  the 
armature  before  using  it.  Place  the  armature  under  the  electro- 
magnet, and  gradually  excite  the  coil  until  the  armature  is  supported 
by  the  magnetic  attraction.  Note  this  critical  value  of  the  current. 
Place  some  weight  on  the  hook,  and  increase  the  exciting  current  until 
it  becomes  again  sufficient  to  support  the  armature.  Proceed  in  this 
way  until  the  saturation  limit  is  reached,  or  until  the  limit  of  safe  heat- 
ing is  reached.  In  performing  this  test,  have  under  the  armature  a 
suitable  support,  preferably  on  springs,  to  limit  the  motion  and  to 
reduce  the  noise,  when  the  armature  is  released  and  strikes  the  sup- 
port. Perform  the  same  test,  varying  different  factors,  viz.:  (a)  use 
a  different  armature;  (b)  interpose  an  air-gap,  by  placing  a  piece  of 
paper,  fiber,  etc.,  between  the  magnet  and  the  armature;  (c)  lift  irregu- 
lar objects.  Before  leaving  the  laboratory,  measure  the  dimensions 
of  the  magnet  and  determine  the  number  of  turns  in  the  exciting  coil. 

In  the  absence  of  a  regular  lifting  magnet,  the  apparatus  shown  in 
Fig.  147  may  be  used  for  the  experiment,  and  the  influence  of  various 
factors  investigated. 

Report.  Plot  curves  of  pounds  lifting  power  to  amperes  current  as 
abscissae.  Figure  out  for  a  few  points  magnetic  density  B  from  the  for- 
mula (3)  in  §  166.  Show  that  this  density  checks  within  reasonable 
limits  with  that  calculated  from  the  number  of  exciting  ampere-turns 


Chap.  7] 


THE  MAGNETIC  CIRCUIT, 


187 


and  the  dimensions  of  the  magnet;  use  for  comparison  standard  B~H 
curves  given  in  various  textbooks  and  pocketbooks.  Discuss  the 
influence  of  the  various  factors  on  lifting  power. 

160.  Tractive  Electromagnets.  — Three  common  types  of  tractive 
electromagnets  are  shown  in  Figs.  156  to  158;  the  difference  in  their 


Fio.  156.     A  eoil-and-pl anger  type  tractive  electromagnet. 


characteristics  may  be  judged  from  the  curves  of  pull,  in  Fig.  159. 
The  electromagnet,  shown  in  Fig.  156,  consists  of  a  coil  surrounding 
a  plunger;  the  curve  of  pull  shows,  that  as  the  plunger  is  sucked  into 
the  coil,  the  pull  first  increases,  and  then  again  decreases.  The  addi- 
tion of  an  iron  frame  on  the  outside  (Fig.  157.)  increases  the  pull  at  the 
end  of  the  stroke,  as  shown  by  the  curve  marked  "Iron  Clad."  A 
further  increase  in  pull  is  obtained  by  adding  an  inside  core  C  (Fig. 
158).    The  plunger  is  tapered  and  the  core  is  countersunk,  in  order  to 

increase  the  pull  by  reducing  the  reluct- 
ance of  the  air-gap;  in  many  cases,  how- 
ever, flat-faced  core  and  stop  are  suffi- 
cient.     From  the  fact  that  an  iron-clad 


An  iron  clad 
electromag- 


Fig.  15S.  An  iron-clad  tractive  electromagnet, 
provided  wilh  a  core  C  for  increasing  the  pull 
at  the  end  of  the  stroke. 


electromagnet  with  a  core  gives  the  greatest  pull  does  not  follow 
that  this  type  should  be  used  in  all  cases.  The  selection  of  one  or 
another  type  depends  upon  the  character  of  the  work  for  which  the 
magnet  is  intended.  Knowing  the  requirements  of  a  particular  case, 
the  best  type  may  be  selected  with  reference  to  the  curves  of  pull. 
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A  convenient  apparatus  for  testing  tractive  electromagnets  is  shown 
in  Fig.  160.  The  coil  C  of  the  electromagnet  under  test  is  connected 
to  a  D.  C.  supply,  through  the  switch  5,  regulating  rheostat  R,  and  the 
ammeter  A.    The  plunger  P  is  suspended  from  the  beam  of  a  balance. 


Position  inside  of  Winding 

Fig.  159.  Curves  of  comparative  pull  of  the  electromagnet*  shown  in  Figs.  156  to  168. 

The  balance  has  fulcrums  at  Fx  and  F2,  and  two  sliding  weights  w\ 
and  w2.    With  this  construction  of  the  balance  large  pull  is  counter- 


D.C 


Fio.  160.    An  apparatus  for  testing  tractive  effort  of  electromagnets. 

balanced  with  small  weights;  the  apparatus  is  thereby  made  sensitive 
and  convenient  to  handle.  The  curves  shown  in  Fig.  159  were  taken 
by  means  of  this  device. 

161 .   EXPERIMENT  7-1.  —Test  of  a  Tractive  Electromagnet— 

The  purpose  of  the  experiment  is  to  determine  curves  of  pull  (Fig.  159) 
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of  different  forms  of  tractive  electromagnets.  An  apparatus,  similar 
to  that  in  Fig.  160,  is  convenient  for  the  purpose,  (a)  First  test  an 
electromagnet  .of  the  type  shown  in  Fig.  156;  take  curves  of  pull  with 
a  certain  position  of  the  plunger,  through  a  wide  range  of  exciting 
currents,  (b)  Repeat  the  same  test  with  different  positions  of  the 
plunger,  (c)  Then  take  the  same  coil  and  provide  it  with  an  iron 
core,  as  in  Fig.  157.  Perform  a  similar  test  throughout  the  same 
range  of  currents  and  with  the  same  positions  of  the  plunger,  (d) 
Finally  put  an  inside  stop  C  (Fig.  158)  into  the  coil  and  test  the  magnet 
again  for  pull. 

Report.  Plot  curves  showing  variations  of  the  pull  with  the  position 
of  the  plunger;  also  curves  showing  variations  in  pull  with  the  exciting 
current.  Give  a  theoretical  justification  for  the  general  form  of  the 
curves. 


CHAPTER  VIII. 
PERMEABILITY   TESTS. 

162.  Steel  and  iron  used  in  the  construction  of  electrical  machinery 
must  possess  a  high  permeability,  or  high  magnetic  conductivity. 
This  means  that  a  required  magnetic  flux  should  be  produced  with  the 
smallest  possible  number  of  exciting  ampere-turns.  Many  devices 
have  been  elaborated  for  testing  permeability  of  steel  and  iron,  so  that 
it  becomes  a  rather  difficult  task  to  give  a  classification  of  the  pieces  of 
apparatus  used.  The  principal  distinction  between  types  seems  to  be 
in  the  method  used  for  measuring  magnetic  flux.  From  this  point  of 
view,  the  devices  described  below  may  be  subdivided  into  those  in 
which  the  flux  is  measured : 

(1)  By  tractive  effort; 

(2)  By  inductive  discharge  through  a  ballistic  galvanometer; 

(3)  By  a  steady  magnetic  or  electric  action; 

(4)  By  an  increase  in  the  electrical  resistance  of  bismuth. 

Before  describing  the  testing  devices  proper,  it  is  necessary  to  review 
some  points  of  general  theory,  and  to  indicate  the  manner  in  which 
results  of  permeability  tests  should  be  grouped  for  purposes  of  practical 
comparison. 

163.  Magnetization  or  B-H  Curves.  —  The  most  convenient  way  to 
represent  results  of  a  permeability  test  on  a  sample  of  steel  or  iron  is  to 
plot  the  results  in  the  form  of  a  curve  (Fig.  151)  which  gives  the  number 
of  ampere-turns  per  unit  length  of  the  sample,  necessary  to  produce  in  it 
a  certain  flux  density  B.  The  designer  is  immediately  enabled  to 
compute  the  number  of  ampere-turns  required  for  the  excitation  of  a 
frame  of  given  dimensions  in  order  to  obtain  a  desired  magnetic  flux. 

The  older  way  was  to  plot  flux  densities  B  in  iron  to  flux  densities  H 
which  would  take  place  if  iron  were  removed  and  substituted  by  air. 
A  curve  of  this  kind  shows  how  many  times  the  flux  has  increased  because 
of  the  presence  of  iron;  in  other  words,  it  shows  how  many  times  the 
permeability  of  iron  is  greater  than  that  of  air.  The  permeability 
of  air  is  arbitrarily  fixed  as  of  unity  value  so  that  the  ratio  B  ~  H  gives 
directly  the  permeability  of  iron.  But  the  numerical  value  or  per- 
meability is  of  slight  importance  in  practical  work;  what  is  needed  is 
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the  number  of  ampere-turns  for  producing  a  required  flux  density  in 
iron.  This  number  must  not  be  above  a  certain  limit,  otherwise  the 
steel  is  rejected  as  being  of  an  inferior  magnetic  quality. 

The  name  B-H  curves  is,  however,  retained  for  curves  plotted  to 
ampere-turns  as  abscissae;  it  simply  means,  that  the  curve  shows  a 
relation  between  a  flux  and  the  exciting  ampere-turns  which  produce  it. 
Another  common  name  for  B-H  curves  is  magnetization  curves. 
Both  names  are  used  below  indiscriminately. 

164.  Hysteresis  Loop.  —  Magnetization,  or  B-H  curves  (Fig.  161) 
should  be  taken  with  the  exciting  current  both  increasing  and  decreasing; 
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Fig.  161.    Magnetization  curve  and  hysteresis  loop  of  a  sample  of  iron. 


also  with  the  current  reversed,  for  the  reason  that  the  flux  density  at  a 
given  excitation  depends  somewhat  upon  the  previous  state  of  magnet- 
ization in  the  sample.  Assume  first,  that  the  sample  is  altogether  free 
from  magnetism.  Gradually  increasing  the  excitation  gives  the  curve 
OAM ;  this  is  called  the  virgin  curve  (Jungfrauliche  Kurve).  When  now 
the  excitation  is  reduced  again,  the  flux  density  does  not  decrease  as 
rapidly  as  it  increased,  but  varies  according  to  the  curve  M R.  When 
the  exciting  circuit  is  opened,  the  iron  still  possesses  a  residual  magnetic 
density  OR.  Reversing  the  exciting  current,  this  density  is  gradually 
decreased;  the  iron  being  deprived  of  its  residual  magnetism,  when  the 
exciting  ampere-turns  =  OX.    When  the  exciting  current  is  further 
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increased  (in  this  reverse  direction),  the  magnetization  in  the  iron  is 
reversed,  and  varies  according  to  the  part  KMX  of  the  curve.  Decreas- 
ing the  current  again,  and  reversing  it  makes  the  densities  vary  accord- 
ing to  the  branch  Mx  KXM  of  the  curve. 

This  peculiar  phenomenon,  —  that  two  different  densities  are  possible 
with  the  same  value  of  exciting  current,  —  is  called  hysteresis.  It  is 
attributed  to  some  kind  of  molecular  friction  in  iron;  the  root  of  the 
word  signifies  "  to  lag  behind."  The  curve  MKM1Kl  is  called  the 
hysteresis  loop.  In  accurate  permeability  tests,  it  is  advisable  to  take 
both  the  virgin  curve  and  the  hysteresis  .loop. 

A  large  value  of  residual  magnetism  OR  is  objectionable  in  cases  where 
the  flux  is  supposed  to  follow  closely  any  variations  of  the  exciting 
current,  as  —  for  instance  —  in  fields  of  generators  and  motors.  On 
the  other  hand,  large  residual  magnetism  is  desirable  in  steel  intended 
for  permanent  magnets,  such  as  are  used  in  measuring  instruments,  and 
in  telephone  instruments. 

165.  Magnetic  Flux  in  Air.  —  In  some  of  the  tests,  described  below, 
it  is  required  to  figure  out  ampere-turns  necessary  for  producing  a  certain 
flux  density  in  air,  instead  of  iron.  This  can  be  done  with  sufficient 
accuracy,  only  when  the  lines  of  force  are  parallel  to  each  other,  as  for 
instance  in  a  small  air-gap  between  two  large  pieces  of  iron,  or  within  a 
long  solenoid.  Theory  and  experience  show,  that  under  these  condi- 
tions one  ampere-turn  per  1  cm.  length  of  path  in  air  produces  a  flux 
density   H  =  1J  lines  of  force  (maxwells)  per  sq.  cm.  (more  accurately 

—  =  1.257).     Magnetic  densities  in  air  are  usually  denoted  by  H  to 

distinguish  them  from  those  in  iron,  which  are  designated  by  B.  Thus 
to  produce  a  density  H  in  an  air-gap  I  cm.  long. (in  the  direction  of 
lines  of  force) 

ni  -  0.8  HI (1) 

ampere-turns  are  required.  If  I  is  in  inches,  and  H  in  lines  per  1  sq. 
inch,  the  formula  becomes 

ni  =  0.796  ,J*M  X  (2.54  0  =  0.313  HI    ...     .    (la) 
(2.54) 2 

Let  it  be  necessary,  for  instance,  to  produce  a  flux  of  300,000  lines 
in  an  air-gap  0.3  cm.  long,  and  of  a  cross-section  of  50  sq.  cm.  The 
flux  density  H  -  300,000/50  =  6000  maxwells  per  sq.  cm.  If  the 
air-gap  were  1  cm.  long,  the  necessary  number  of  ampere-turns  would  be 
0.8  X  6000  =  4800.  As  the  air-gap  is  only  0.3  cm.  long,  the  actual 
number  is  0.3  X  4800  —  1440  ampere-turns. 
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A  theoretical  proof  of  the  expression  (1)  may  be  found  in  any 
standard  textbook  on  electricity  and  magnetism.  For  practical  pur- 
poses it  is  sufficient  to  accept  this  expression  as  an  experimental  fact, 
which  has  been  verified  a  great  many  times  in  actual  practice. 


TRACTIONAL   METHOD. 

166.  Thompson  Permeameter.  —  One  of  the  simplest  pieces  of 
apparatus  for  testing  iron  and  steel,  the  so-called  Thompson  permear 
meter,  is  shown  in  Fig.  162.  It  is  based  on  the 
measurement  of  the  mechanical  force  necessary 
for  separating  two  parts  of  a  magnetic  circuit. 
The  sample  T  to  be  tested  is  made  in  the  form  of 
a  rod;  it  is  placed  within  an  iron  yoke  yf  of  a 
negligible  magnetic  resistance  (reluctance).  The 
closed  iron  circuit  thus  formed  is  magnetized  by  the 
coil  C.  Then  the  sample  T  is  pulled  out  of  the 
yoke  by  turning  the  hand  wheel  H;  the  pull  is  read 
on  the  spring  balance  B. 

The  apparatus  is  intended  primarily  for  approxi- 
mate relative  measurements;  the  better  the  sample 
(the  higher  its  permeability)  the  more  force  is 
required  to  pull  it  out  of  the  yoke,  with  the  same 
magnetizing  current.  The  device  is  used  for  such  ap- 
proximate tests  by  some  electric  manufacturing  com- 
panies. Whenever  a  new  lot  of  the  material  is  re- 
ceived, samples  of  it  are  tested  in  the  permeameter; 
the  force  necessary  to  pull  the  specimens  out  of  the  yoke  must  be  at 
least  equal  to  that  previously  found  for  the  lowest  acceptable  grade  of 
material,  otherwise  the  entire  consignment  is  rejected.  A  knowledge 
of  the  absolute  value  of  permeability  is.  not  necessary  in  this  case. 
The  number  of  turns  on  the  field  windings  of  machines  cannot  be 
changed  to  suit  the  permeability  of  each  lot,  but  is  designed  for  a  certain 
average  grade  of  iron.  The  right  number  of  ampere-turns  in  each 
individual  machine  is  obtained  by  regulating  its  field  rheostat,  so  as  to 
get  the  desired  voltage. 

The  permeameter  may  also  be  used  for  determining  actual  magnetiza- 
tion curves  (Fig.  161)  of  samples;  this  is  done  by  comparing  the  force 
necessary  for  pulling  out  the  sample  under  test,  to  that  required  with  a 
standard  sample  whose  magnetization  curve  has  been  previously 
determined  by  some  other  method.  The  comparison  is  made  on  the 
basis  of  the  fact,  that  the  mechanical  force  of  attraction  between  two 


Fig.  162.  Thompson 
permeameter. 
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parts  of  a  magnetic  circuit  is  proportional  to  the  square  of  the  magnetic 
density  at  the  separating  surface  (Maxwell's  law).  This  law  may  be 
deduced  as  follows:  The  attraction  at  the  separating  surface  may  be 
imagined  as  due  to  two  equal  and  opposite  magnetic  masses.  When 
the  magnetic  density  increases  n  times,  each  mass  increases  n  times. 
The  force  of  attraction  is  proportional  to  the  product  of  the  masses; 
therefore  it  increases  n2  times. 

Thus  with  the  same  magnetizing  current,  if  Fi  is  the  spring  balance 
reading  with  the  sample  under  test,  and  F2  that  with  the  standard 
sample,  we  have 

(W-k » 

If  magnetic  density  B2  is  known  from  the  magnetization  curve  of  the 
standard  sample,  Si  may  be  calculated,  and  the  magnetization  curve 
for  the  sample  under  test  plotted. 

The  magnetization  curve  of  a  sample  can  be  obtained  with  the 
Thompson  permeameter  even  without  having  a  standard  sample: 
Let  B  be  the  magnetic  density  in  the  sample  (number  of  lines  jof  force 
per  sq.  cm.);  S  the  cross-section  of  the  rod,  and  F  the  pull  (in  dynes). 
The  force  of  attraction  is  proportional  to  the  square  of  density  and  to 
the  surface  S  of  contact  between  the  sample  and  the  yoke.  From 
theoretical  considerations,  if  F  is  in  dynes,  the  coefficient  of  propor- 
tionality is  1/8tt.    Thus  we  have: 

F  -  J-.  S  (B  -  H)\ 

where  H  is  the  number  of  lines  of  force  per  sq.  cm.  left  in  the  air  after 
the  sample  has  been  pulled  out.  (B  —  H)  is  introduced  into  the 
formula  instead  of  B,  because  only  (B  —  H)  lines  fo  force  are  "broken  " 
when  the  sample  is  removed.  From  the  above  formula,  substituting 
practical  units,  we  get 

B  =  1317  \J^  +  H (3) 

where  B  and  H  are  as  before  magnetic  densities  per  sq.  cm.,  S  is  the 
cross-section  of  the  sample  in  sq.  inches,  and  F  is  the  pull  in  lbs.  //.is 
calculated  from  the  formula  (1)  given  in  §  165: 

ff --**-»< (1) 

10        I  y  ' 
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where  ni  is  the  number  of  ampere-turns  of  the  magnetizing  coil,  and 
I  is  its  length  in  cm.    If  I  is  expressed  in  inches  the  formula  becomes 

-• 

A  -  0.486.  y- 

it 

The  values  of  B  and  H  per  square  inch  are  6.45  times  higher  than  those 
expressed  per  sq.  centimeter. 

The  Thompson  permeameter  is  adapted  for  quick  comparative  tests 
rather  than  for  taking  exact  magnetization  curves.  A  spring  balance 
is  not  reliable  enough  to  allow  of  accurate  measurements,  and  moreover 
the  results  are  vitiated  by  two  air-gaps  between  the  yoke  and  the 
sample.  To  reduce  the  error  due  to  this  cause  the  sample  must  fit 
nicely  into  the  hole  in  the  upper  part  of  the  yoke,  and  the  two  surface, 
to  be  pulled  apart  must  be  well  planed. 

Another  device  based  on  the  same  principle  is  the  Ewing  magnetic 
balance.  It  has  a  beam  with  a  sliding  weight  instead  of  a  spring 
balance;  the  specimen  rests  on  the  yoke  with  its  cylindrical  surface, 
instead  of  touching  the  yoke  with  an  end,  as  in  the  Thompson  per- 
meameter. This  feature  does  away  with  the  planing  of  one  end  of 
the  sample,  and  makes  it  unnecessary  to  have  a  hook  on  the  other  end; 
besides  this,  a  more  uniform  contact  is  obtained.  The  scale  is  cali- 
brated directly  in  flux  densities  by  means  of  a  standard  sample,  pre- 
viously tested  by  some  other  method. 

167.  EXPERIMENT  8-A.  —Magnetization  Curves  of  Iron  with 
Thompson  Permeameter.  — The  purpose  of  the  experiment  is  to  obtain 
for  given  samples  B  —  H  curves  as  shown  in  Fig.  161,  or  in  Fig.  151.  It 
is  desired  that  the  student  test  samples  of  cast  steel,  wrought  iron,  and 
cast  iron,  to  see  the  difference  in  the  magnetic  properties  of  these 
materials,  (a)  A  sample  must  be  demagnetized  before  beginning  the 
experiment.  For  this  purpose  it  is  put  in  the  apparatus,  and  magne- 
tized as  highly  as  possible;  then  the  exciting  current  is  gradually 
reduced  to  zero,  meantime  being  constantly  reversed.  Or  else  the 
sample  may  be  magnetized  with  an  alternating  current,  and  gradually 
withdrawn  from  the  coil,  (b)  First  take  a  virgin  curve  OAM;  read 
amperes  excitation  and  lbs.  tension  necessary  to  tear  the  sample  from 
the  yoke.  Carry  the  magnetizing  current  as  high  as  the  coil  will  per- 
mit. Then  take  a  complete  hysteresis  loop,  (c)  Repeat  the  same  test 
with  other  samples.  Before  leaving  the  laboratory,  measure  the  cross- 
section*  of  the  samples  tested,  and  the  axial  length  of  the  coil;  also 
ascertain  the  number  of  turns  in  the  coil. 

The  permeameter  is  not  a  very  accurate  instrument,  and  each  point 
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should  be  obtained  as  an  average  of  several  readings.  See  that  the 
sample  and  the  yoke  are  nicely  surfaced  and  that  the  spring  balance 
exerts  an  axial  pull.  Another  precaution,  important  in  all  permeability 
tests,  is  that  once  the  current  is  raised  to  a  certain  value,  it  should  not 
be  reduced  again,  until  a  branch  of  the  magnetization  curve  is  com- 
pleted.    Otherwise  indefinite  hysteresis  effects  are  introduced. 

Report.  Plot  lbs.  pull  to  exciting  amperes  as  abscissae,  for  all  the 
samples  tested.  Do  this  before  making  any  calculations,  in  order  to 
obtain  smooth  curves  and  to  eliminate  possible  errors  of  observation. 
Change  the  curve  for  one  of  the  samples  into  a  magnetization  curve, 
shown  in  Fig.  151,  by  using  formula  (3).  Use  ampere-turns  per  inch 
as  abscissae,  maxwells  per  square  inch  as  ordinates.  If  the  sample  was 
previously  tested  by  another   method,  check  the  results.     With  this 


Fig.  168.     l)u  Bois  magnetic  balance. 

curve  as  a  standard,  plot  a  similar  curve  for  another  sample,  using 
formula  (2). 

168.  Du  Bois  Magnetic  Balance.  — This  is  also  a  tractional  device 
(Figs.  163  and  164),  more  sensitive  and  accurate  than  the  two  devices 
described  in  §  166.  The  sample  under  test  T  is  clamped  between  two 
heavy  pole-pieces  PP  and  magnetized  by  the  coil  C.  Clamps  are 
provided  for  accommodating  either  a  round  or  a  square  sample;  also 
a  bundle  of  laminations.  Two  specimens  are  shown  lying  on  the  table, 
in  Fig.  163.  The  magnetic  circuit  is  closed  through  the  iron  yoke  YY: 
the  yoke  is  supported  by  knife-edges  at  0,  like  the  beam  of  a  balance. 
The  shorter  arm  of  the  yoke  is  made  of  the  same  weight  as  the  longer 
one.  by  weighting  it  with  lead;  the  yoke  is  in  balance  when  the  coil  C  is 
not  energized  and  the  weights  Wx  and  W2  are  on  zero. 
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When  the  sample  is  magnetized,  the  yoke  tips  over  to  the  left,  because 
the  attraction  in  the  left-hand  air-gap  acts  on  a  longer  lever.  To 
bring  the  yoke  in  balance  the  weights  are  moved  to  the  right.  When 
the  balance  is  obtained,  the  flux  density  in  the  sample  is  read  directly 
on  the  scale,  in  maxwells  per  sq.  cm.  The  movement  of  the  yoke  is 
limited  by  adjustable  stops,  SS  (Fig.  163).  To  simplify  the  balancing, 
the  stops  on  one  side  may  be  provided  with  platinum  tips,  and  con- 
nected to  a  local  circuit  consisting  of  a  dry  cell  and  a  bell  or  a  galvano- 
meter; a  signal  is  given  when  the  yoke  touches  one  of  the  stops. 

A  certain  flux  in  the  sample  and  in  the  pole-pieces  gives  a  definite  force 
of  attraction  at  the  air-gaps  aa.  Therefore  the  scale  of  the  instrument 
could  be  calibrated  directly  in  fluxes.     But  as  all  samples  are  of  the 
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Fig  164.     Schematic  representation  of  the  Du  Bois  magnetic  balance. 


same  cross-section,  to  each  flux  corresponds  a  definite  density.  There- 
fore the  scale  is  calibrated  directly  in  magnetic  densities.  The  cali- 
bration is  done  by  means  of  a  specimen  whose  magnetization  curve  has 
been  determined  by  some  other  method.  A  good  feature  of  the 
instrument  is  that  the  reluctance  of  the  air-gaps  is  large  as  compared  to 
that  of  the  sample;  in  this  way  small  inaccuracies  in  the  contacts  between 
the  sample  and  the  pole-pieces,  are  of  no  consequence. 

169.  EXPERIMENT  8-B.  —Magnetization  Curves  of  Iron  with 
Du  Bois  Balance.  — The  experiment  is  performed  in  the  same  order,  as 
the  experiment  8-A  (§  167).  Before  leaving  the  laboratory  weigh  the 
sliders,  measure  the  length  and  the  cross-section  of  the  air-gaps  and 
their  horizontal  distance  from  the  knife-edge  supports.  Make  a  copy 
of  the  scale;  measure  the  cross-section  of  the  samples;  note  the  number 
of  turns  in  the  magnetizing  coil. 
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Report.  (1)  Plot  curves  of  flux  density  to  ampere-turns  per  cm.  (or 
inch)  as  abscissae  (Figs.  151  and  161).  If  possible,  use  the  same  sheet 
of  cross-section  paper  for  all  the  samples,  so  as  to  have  a  direct  com- 
parison for  the  quality  of  the  materials.  (2)  Show  in  a  numerical 
example  how  to  use  these  curves  for  determining  the  number  of  ampere- 
turns  required  to  produce  a  given  flux  in  a  magnetic  circuit.  Take,  for 
example,  a  circuit  like  the  one  shown  in  Fig.  147.  The  dimensions  of 
the  cores  and  the  length  of  the  air-gap  are  supposed  to  be  given.  (3) 
Figure  out  the  actual  pull  on  the  yoke  of  the  balance  with  a  given  flux 
(§  166);  see  how  closely  the  calculated  magnetic  torque  checks  with 
that  of  the  weights. 

BALLISTIC    METHOD. 

170.  In  taking  magnetization  curves  two  quantities  are  to  be 
measured:  Exciting  ampere-turns  and  the  flux  produced  by  them. 
The  chief  difficulty  lies  in  measuring  the  flux.  It  can  be  measured 
much  more  accurately  by  a  discharge  through  a  ballistic  galvanometer 
than  by  tractive  methods  described  in  §§  166  and  168.  The  use  of  the 
ballistic  galvanometer  for  measuring  fluxes  is  described  in  §§  139  and 
142.  While  this  is  the  most  accurate  method  for  measuring  fluxes,  it 
was  not  until  recently  that  devices  have  been  perfected,  such  as  make 
the  method  convenient  for  technical  purposes.  It  may  not  be  amiss  to 
give  here  a  brief  history  of  the  development  of  this  method. 

171 .  The  Development  of  the  Ballistic  Method.  —The  original  ar- 
rangement (Fig.  165)  required  samples  to  be  made  in  ring  form,. each 
wound  separately  with  exciting  and  secondary  coils.  This,  of  course, 
was  a  serious  objection  from  a  practical  point  of  view.  Hopkinson 
introduced  the  "divided-bar  "  apparatus  (Fig.  166)  in  which  the  samples 
TT  are  made  in  the  form  of  rods;  these  are  much  easier  to  prepare 
than  rings.  Permanent  coils  are  used;  the  magnetic  circuit  is  closed 
through  a  heavy  yoke  YY.  An  objection  to  this  method  is  that, 
—  due  to  the  necessarily  imperfect  contacts  between  the  yoke  and  the 
samples,  —  the  quality  of  iron  appears  worse  than  it  is  in  reality  (see 
Fig.  151). 

Ewing  remedied  this  by  testing  samples  with  two  different  lengths  of 
the  magnetic  circuit  (Fig.  167);  the  resistance  of  the  contacts  is  elimi- 
nated from  two  measurements.  His  method  is  objectionable,  because 
it  requires  two  identical  samples,  which  sometimes  are  difficult  to  get. 
Picou,  on  the  other  hand,  eliminated  the  influence  of  contacts  (Fig.  169) 
by  additional  windings  which  compensate  for  the  reluctance  of  the  air- 
gaps.  With  all  these  improvements  there  still  was  a  need  for  an 
apparatus  for  measurement  of  permeability  of  large  castings  as  a  whole, 
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without  preparing  special  samples.  Dr.  Drysdale's  permeameter  (Fig. 
170)  fills  this  demand. 

Another  objection  to  the  ballistic  method  has  been  found  in  the 
ballistic  galvanometer  itself;  in  its  original  form,  with  a. telescope,  and 
with  undamped  swings,  it  was  not  a  convenient  device  for  practical 
work.  Here  also  considerable  progress  has  been  made  of  late.  Ballistic 
galvanometers  of  sufficient  sensitiveness  are  now  to  be  had,  that  are 
provided  with  a  pointer  and  a  scale,  like  ordinary  voltmeters  and 
ammeters;  moreover,  they  are  made  perfectly  damped  electromagneti- 
cally,  so  that  readings  may  be  taken  in  quick  succession.  Finally  the 
advent  of  the  fluxmeter  (§  140)  makes  it  possible  to  obtain  continuous 
indications  of  fluxes  instead  of  instantaneous  deflections  of  a  ballistic 
galvanometer. 

The  above-mentioned  devices,  based  on  the  ballistic  method,  will 
now  be  described  more  in  detail. 

172.  Ring  Method.  —  The  sample  of  iron  or  steel  to  be  tested  is 
turned  in  form  of  a  ring  /  (Fig.  165)  of  a  comparatively  small  radial 


Supply 

Fio.  165.    Testing  permeability  of  a  sample  in  ring  form. 

breadth.  If  sheet  steel  is  to  be  tested,  separate  rings  are  punched, 
assembled  together,  and  turned  down  on  the  sides.  The  ring  is  uni- 
formly wound  with  a  known  number  of  turns  of  wire,  connected  to  the 
terminals  P  (primary).  A  secondary  or  exploring  coil  E  is  wound  on 
the  first  coil  and  connected  to  a  ballistic  galvanometer.  The  core  is 
excited  from  a  source  of  D.  C.  supply,  through  a  regulating  rheostat  R 
and  a  double-throw  switch  D.  An  ammeter,  not  shown  in  the  figure, 
is  connected  into  the  primary  circuit.  It  is  thus  tne  same  arrangement 
as  is  shown  in  Fig.  147  and  described  in  §§  137  and  138,  except  that  the 
magnetic  circuit  is  perfectly  closed,  and  no  inaccuracy  produced  by  an 
air-gap.     . 

The  sample  is  thoroughly  demagnetized  by  exciting  it  to  as  high 
saturation  as  possible,  and  then  gradually  reducing  the  excitation  to 
zero,  at  the  same  time  continually  reversing  the  current.     After  this, 
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the  sample  is  magnetized  again  in  steps,  and  the  corresponding  deflec- 
tions of  the  galvanometer  noted.  This  gives  the  virgin  curve  (Fig.  161) ; 
a  complete  hysteresis  loop  may  also  be  taken  in  a  similar  way,  if  desired. 
The  curves  shown  in  Figs.  151  or  161  may  be  plotted  by  knowing  the 
dimensions  of  the  core,  the  number  of  turns  on  both  windings,  and  the 
constant  of  the  ballistic  galvanometer. 

In  some  cases  it  is  possible  to  have  specimens  in  the  form  of  very 
long  rods.  Experience  shows  that  a  rod  whose  length  is  at  least  500 
times  its  diameter  may  be  considered  magnetically  as  infinitely  long. 
This  means  that  the  same  number  of  ampere-turns  per  inch  are  required 
in  order  to  produce  a  certain  flux,  whether  the  rod  is  straight  or  made 
into  a  closed  ring,  without  air-gap.  This  is  not  true  for  shorter  rods  on 
account  of  demagnetizing  action  of  the  ends;  again,  with  a  very  long  rod 


Fig.  16(J.     Hopkinson  divided-bar  method  for  testing  iron. . 

the  reluctance  of  the  path  of  lines  of  force  back  through  the  air  is  practi- 
cally zero,  on  account  of  a  very  large  cross-section  of  this  path.  For 
this  reason  the  required  number  of  ampere-turns  is  the  same  as  if  the 
rod  was  bent  into  a  ring. 

When  such  a  rod  is  available  for  test,  it  is  inserted  in  a  straight  coil 
which  is  slightly  longer  than  the  sample,  and  is  tested  as  in  Fig.  165. 

173.  Divided-Bar  Method.  —  An  objection  to  the  practical  use  of 
the  ring  method  is,  that  the  preparation  of  samples  is  rather  compli- 
cated. Hopkinson  found  a  way  out  of  this  difficulty  by  making  samples 
in  the  form  of  two  straight  bars.  TT  (Fig.  166).  The  magnetic 
circuit  is  closed  through  a  heavy  iron  yoke  YY  of  negligible  reluc- 
tance; so  that  the  reluctance  of  the"  circuit  is  practically  caused  by 
the  samples  alone.  The  left-hand  bar  is  securely  clamped  to  the  yoke 
by  the  screw  n.  The  right-hand  bar  is  provided  with  a  handle  H ,  by 
means  of  which  it  may  be  pulled  out  of  the  yoke.  The  exciting  or  pri- 
mary coil  C  is  wound  in  two  sections;  it  is  connected  to  the  terminals 
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P.  The  exploring  coil  E  is  inserted  between  the  two  sections  and  is 
connected  to  the  terminals  S.  The  electrical  connections  are  the 
same  as  in  Fig.  165. 

To  measure  the  flux  produced  in  the  samples  by  the  coils  CC,  the 
right-hand  sample  is  suddenly  withdrawn  from  the  yoke.  This 
releases  the  coil  E,  and  the  spring  k  instantly  snaps  it  out  of  the  mag- 
netic circuit.  The  change  in  flux  embraced  by  this  coil  produces  a 
discharge  in  the  ballistic  galvanometer,  as  in  the  ring  method. 

Instead  of  using  two  samples  and  pulling  out  one  of  them,  one  long 
sample  may  be  used,  and  the  ballistic  discharge  obtained  by  changing 
or  reversing  the  current  in  CC,  as  in  the  ring  method.  The  apparatus 
is  fairly  accurate  for  practical  purposes,  but  great  care  must  be  exer- 
cised to  have  good  magnetic  contacts  between  the  yoke  and  the  sample. 


167.     Ewing  doable-bar  method  for  testing  irou. 

174.  Ewing  Double-Bar  Method.  —  To  eliminate  the  influence  of 
contacts  and  the  reluctance  of  the  yoke,  Ewing  suggested  the  apparatus 
shown  in  Fig.  167.*  The  magnetic  circuit  is  formed  by  two  test  bars  .4  A', 
BB' ,  and  two  heavy  yokes  YY'  made  of  wrought  iron.  Each  bar  is 
surrounded  by  a  magnetizing  coil,  as  in  Fig.  177.  A  secondary  coil, 
connected  to  a  ballistic  galvanometer,  is  wound  on  one  of  the  exciting 
coils.  The  coils  are  mounted  in  the  wooden  case  C;  the  terminals  PP' 
are  connected  to  a  source  of  D.  C.  supply,  the  terminals  SS'  to  a  ballistic 
galvanometer.  The  number  of  turns  in  the  secondary  coil  may  be 
varied  at  will  by  the  switch  shown  on  top  of  the  box.  At  the  same  time 
some  resistance  is  automatically  inserted  into  the  galvanometer  circuit, 
as  the  sections  of  the  coil  are  cut  out.  In  this  way  the  resistance  of  the 
galvanometer  circuit  is  kept  constant,  and  its  deflections  made  propor- 
tional to  the  number  of  secondary  turns.  The  reason  for  varying  the 
number  of  turns  is  to  have  galvanometer  deflections  within  its  best 
range  with  widely  different  values  of  the  flux. 

*  Fig.  167  is  taken  by  permission,  from  Prof.  E.  S.  Ferry's  Practical  Physics, 
Vol.  III. 
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The' test  is  performed  exactly  as  with  the  ring  method.  After  a 
magnetization  curve  has  been  obtained,  one  of  the  yokes  and  the  box 
C  are  removed  by  loosening  the  screws.  A  shorter  box  D  is  slipped  in 
place,  and  the  magnetic  circuit  completed  again,  the  yokes  being 
brought  closer  together.  A  magnetization  curve  is  taken  as  before. 
It  differs  from  that  previously  obtained  because  of  a  shorter  length  of 
the  circuit  and  a  smaller  number  of  magnetizing  turns  in  the  box  D. 
The  magnetic  resistance  of  the  yokes  and  of  the  contacts  is  the  same  in 
both  cases,  and  may  be  eliminated  by  comparing  the  two  curves.  Let., 
for  instance,  850  ampere-turns  be  necessary  in  order  to  produce  a 
certain  flux  with  the  box  C,  10  inches  long;  let  450  ampere-turns  give 
the  same  flux  with  the  box  D,  5  inches  long.  This  shows  that  400  ampere- 
turns  were  used  in  the  first  case  for  5  X  2  =  10  inches  of  the  length  of  the 


Fig.  168.    The  Picon  permeameter. 

samples,  so  that  the  true  ampere-turns  per  inch  of  the  sample  are: 
400/10  =  40.  If  the  shorter  box  were  not  used,  the  reluctance  of  the 
contacts  and  the  yokes  would  have  to  be  neglected;  the  number  of 
ampere-turns  per  inch  of  the  sample  would  have  to  be  taken  as  850/20 
=  42.5,  which  is  about  6  per  cent  too  high.  The  experiment  with  the 
shorter  box  enables  one  to  separate  the  50  ampere-turns  lost  in  over- 
coming the  reluctance  of  the  contacts  and  the  yokes. 

The  details  of  the  apparatus  shown  in  Fig.  167  are  due  to  Prof.  J.  W. 
Esterline;  in  particular  he  deserves  credit  for  the  boxes,  the  method  of 
clamping,  and  for  the  scheme  of  using  variable  secondary  turns  with 
constant  resistance. 

175.  Picou  Permeameter.  — In  this  apparatus  (Fig.  168)  the  dis- 
turbing influence  of  the  contacts  is  compensated  by  additional  magnet- 
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izing  windings.  The  principle  of  compensation  is  shown  in  Fig.  169. 
The  sample  T  under  test  is  made  rectangular,  or  consists  of  a  bunch 
of  steel  laminations.  It  is  clamped  within  the  magnetizing  coil  C3 
between  two  U-shaped  yokes  YY,  provided  with  compensating  wind- 
ings Ci,  C2.  The  winding  C3  supplies  just  enough  ampere-turns  to 
carry  the  flux  through  the  test  sample  alone;  the  coils  C\  and  C2 
provide  the  magnetomotive  force  necessary  for  overcoming  the  reluct- 
ance of  the  yokes  and  the  air-gaps.  A  secondary  coil  is  wound  on  each 
of  the  three  magnetizing  coils,  and  may  be  connected  at  will  to  a  bal- 
listic galvanometer. 

The  first  step  in  testing  a  sample  is  to  compensate  for  the  reluctance 
of  the  yokes  and  the  air-gaps.  For  this  purpose  the  circuit  of  the  main 
coil  C3  is  left  open;  the  coils  C\  and  C2  are  energized  so  as  to  produce 


Fig.  169.     Principle  of  compensation  for  the  reluctance  of  air  gaps,  in  the  Picou 

permeameter. 

a  flux  through  the  yokes  only,  as  shown  by  dotted  lines  in  the  sketch  to 
the  left.  Each  coil  supplies  the  ampere-turns  necessary  for  overcom- 
ing the  reluctance  of  one  yoke  and  two  air-gaps.  The  desired  value  of 
the  flux  is  established  by  trial  discharges  through  the  ballistic  galva- 
nometer. Now  the  current  in  one  of  the  coils  is  reversed,  so  that  the 
flux  is  deflected  into  the  sample  under  test,  as  shown  by  dotted  lines  in 
the  sketch  to  the  right.  Each  of  the  coils,  C\  and  C2,  has  now  to  over- 
come the  reluctance  of  its  yoke,  of  two  air-gaps,  and  in  addition  the 
reluctance  of  one  longitudinal  half  of  the  sample  under  test.  The  flux 
is  naturally  reduced;  to  bring  it  to  its  former  value,  the  middle  coil 
C3  is  excited  so  as  to  assist  the  two  other  coils. 

When  the  former  value  of  the  flux  is  established  in  the  yokes  (as 
recognized  by  ballistic  deflections),  it  is  evident  that  the  two  outside 
coils  again  supply  the  ampere-turns  necessary  for  the  yokes  and  the 
gaps,  while  the  middle  coil  carries  the  flux  through  the  sample  under 
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test.  Knowing  the  number  of  ampere-turns  per  inch  in  the  coil  C3 
and  taking  a  ballistic  discharge  through  the  secondary  coil  which  sur- 
rounds it,  a  set  of  data  is  obtained  for  the  magnetization  curve.  The 
same  test  is  repeated  with  other  values  of  flux. 

All  the  necessary  adjustments  and  changes  of  connections  are  con- 
veniently performed  by  means  of  the  levers  1  and  2  and  handles  A  and 
B  (Fig.  168). 

176.  Drysdale  Permeameter.  — This  instrument,  shown  in  Figs. 
170  to  172,  is  used  for  testing  frame  castings  of  electric  generators 


P— . 


^.,x 


Fig.  170.    Cross-section  of  the  Drysdale  permeameter,  showing 
the  plug  in  the  casting  under  test. 


and    motors,    without    preparing   special    samples.     The   magnetizing 
and  the  exploring  coils  (Fig.  170)  are  wound  on  a  plug  (Fig.  171);  the 


Fig.  171.     The  exploring  plug  of  the  Drysdale  permeameter. 

plug  is  inserted  into  a  hole  drilled  at  any  desired  place  of  the  casting  to 
be  tested.  The  magnetic  circuit  is  excited  as  shown  by  dotted  lines, 
and  a  discharge  taken  through  a  ballistic  galvanometer,  or  a  fluxmeter. 
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The  hole  in  the  casting  has  the  form  shown  in  Fig.  172.  The  pin  left  in 
the  center  constitutes  the  sample  under  test.  A  special  hollow  drill 
(Fig.  172)  is  used  for  making  these  holes,  so  that  they  will  exactly  fit 
the  testing  plug.     It  is  well  to  test  a  casting  in  several  places,  in  order 


\ 


Fig.  172.     The  drill  and  the  sample  prepared  by  it,  for  use  with  the  Drys- 
dale  permeameter. 

to  get  its  average  permeability.  The  instrument  is  calibrated  empir- 
ically by  a  sample  of  known  magnetic  properties. 

177.  Theory  of  the  Ballistic  Galvanometer.  — The  methods 
described  in  §§  172  to  176  require  the  use  of  a  ballistic  galvanometer. 
The  general  features  of  the  instrument  are  described  in  §  139;  a  proof 
will  now  be  given,  that  its  deflections  are  proportional  to  variations  in 
the  flux  through  the  secondary  coil.  It  will  be  proved  (a)  that  elec- 
trical discharges  through  the  galvanometer  are  proportional  to  variations 
in  flux,  and  (b)  that  galvanometer  deflections  are  proportional  to  elec- 
trical discharges.  From  these  two  facts  will  follow  immediately  that 
deflections  are  proportional  to  variations  in  flux. 

(a)  Electrical  discharges  through  a  ballistic  galvanometer  are  propor- 
tional to  changes  in  flux.  Let  N  be  an  instantaneous  value  of  a  variable 
magnetic  flux;  the  instantaneous  e.m.f.  e  induced  by  a  variation  of  this 
flux  in  an  exploring  coil  that  surrounds  it,  is,  according  to  §  138, 

e  =  8  .  — r— .  KT8 
dt 

where  s  is  the  number  of  turns  in  the  coil.  Let  r  be  the  total  resistance 
of  the  galvanometer  circuit,  L  its  inductance;  according  to  the  equation 
(6) ,  in  §  103,  the  instantaneous  current  i  in  the  galvanometer  is 
determined  by  the  relation 

•     i    t  di 
e  =  xr  +  L  —  • 
dt 

Substituting  e  from  the  above,  gives 

dN    iri_g       •     ,    T  di 

or 

s  .dN  .  10-8  «  ir  .  dt  +  L  .di. 
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Let  Ni  and  N2  be  the  initial  and  the  final  values  of  the  flux  during 
the  short  period  t  of  the  change.  Integrating  the  preceding  equation 
over  the  period  t  we  obtain 

a  (Nx  -  N2)  10-8  =  r  f'idt  +  L  (i)'Q. 
Jo 

The  integral  on  the  right  side  represents  the  total  quantity  of  elec- 
tricity in  coulombs  or  ampere-seconds  which  are  discharged  through  the 
galvanometer;  let  this  discharge  be  denoted  by  Q.  The  second  term 
to  the  right  =  0,  because  the  current  is  zero  at  the  beginning  and  at  the 
end  of  the  discharge  period.     Thus  we  have 

8  (Ni  -  N2)10~*  =  rQ (4) 

This  proves  the  above  statement  that  an  electrical  discharge  through 
the  galvanometer  is  proportional  to  the  variation  in  the  flux. 

(b)  Deflections  of  ballistic  galvanometer  are  proportional  to  brief  dis- 
charges through  it.  After  an  electric  discharge  has  passed  through  the 
moving  coil  of  a  galvanometer,  the  coil  begins  to  mo.ve  against  the  fol- 
lowing forces: 

(1)  Torsion  of  the  suspension  wire,  or  the  springs. 

(2)  Currents  induced  in  the  coil  and  in  its  aluminum  frame. 

(3)  Air  resistance. 

Let  the  final  deflection  be  ai  degrees  with  a  given  discharge  of  Q  cou- 
lombs. The  force  of  torsion  is  proportional  to  the  angle  of  torsion;  thus 
the  total  resisting  impulse  of  the  suspension  wire  is  proportional  to 


s: 


a  dt. 


The  currents  induced  during  the  movement  of  the  coil  are  proportional 
to  instantaneous  angular  velocities  da/dt;  their  impulse  is  proportional  to 


re 


Now  suppose  a  different  discharge  Q2  to  be  sent  through  the  galvano- 
meter, such  that  the  new  angle  of  deflection  a2.  ==  2  a\.  The  time  of  one 
swing  of  the  galvanometer  is  practically  independent  of  the  angle  of 
deflection  (as  in  the  pendulum) ;  therefore  all  intermediate  angles  a  and 
angular  velocities  must  be  doubled.  Thus  the  impulse  of  the  suspension 
wire  is  doubled,  and  that  of  the  induced  currents.  Therefore  Q2  must 
be  =  2Qi  in  order  to  give  a  double  moving  impulse.  This  proves 
that  electrical  impulses,  or  discharges,  and  galvanometer  deflections  are 
proportional.    The  air  resistance  is  not  exactly  proportional  to  angular 
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velocity,  and  therefore  somewhat  vitiates  the  result;  but  its  influence 
is  usually  negligible. 

The  same  theory  applies  to  the  fluxmeter  (§  140),  only  the  time  of 
the  discharge  does  not  influence  the  results.  This  is  because  the 
instrument  possesses  no  resisting  torsion,  and  all  of  the  electric  impulse 
is  absorbed  by  induced  currents,  according  to  expression  (5). 

(c)   Final  formula.   Denoting  the  galvanometer  constant  by  b,  we 

have  Q  =  ba (6) 

where  a  is  the  scale  deflection.    Consequently 

*(Ni  -N2)10-*  =  bra (7) 

Let,  for  instance,  the  constant  of  the  galvanometer  be  b  =  15  X  10""6 
coulombs  (ampere-seconds)  per  1  cm.  of  scale  deflection;  let  the 
resistance  of  the  galvanometer  circuit,  r,  equal  2000  ohms,  the  number 
of  turns  in  the  exploring  coil  s  =  100.  A  certain  flux  was  established 
through  the  coil,  and  then  the  exciting  circuit  suddenly  opened,  causing 
a  galvanometer  deflection  a  =  30  cm.  The  final  flux  N2  =  0,  and  we 
have  lfV8 

Nl  ~  Too  x  15  x  1(r*  x  2000  x  30  "  900'000  maxwells- 

178.  Calibration  of  a  Ballistic  Galvanometer.  —  Ballistic  galvano- 
meters are  usually  calibrated  with  a  standard  condenser,  or  with  a 
standard  inductance  coil. 

(a)  Let  a  condenser  of  a  known  capacity  of  C  microfarads  be 
charged  at  a  certain  voltage  e,  and  then  discharged  through  the  ballistic 
galvanometer;,  let  the  deflection  be  a.  According  to  §117,  the  charge 
Q  =  Ce .  10~*  coulombs,  so  that  with  reference  to  equation  (6)  we 

tove  Ce.l0-=6a. 

All  quantities  in  this  equation  are  known  except  6,  which  can  be 
determined. 

(b)  A  standard  coil  is  a  long  solenoid  without  iron,  with  an  explor- 
ing coil  placed  about  its  central  part.  According  to  the  equation  (1) 
in  1 165  the  flux  density  in  the  middle  part  of  the  coil 

„      4k     ni 

H  =  T6-T- 

If  the  cross-section  of  the  coil  is  A  sq.  cm.  the  total  flux  =*  AH.  The 
coil  is  excited  with  a  known  current  f,  and  the  circuit  opened,  producing 
a  discharge  in  the  ballistic  galvanometer.  According  to  the  equation 
(7)  we  have  9AH.  10- -bm, 

from  which  b  may  be  calculated. 
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179.  EXPERIMENT  8-C.  —  Magnetization  Curves  of  Iron  by 
the  Ballistic  Method.  —  The  experiment  comprises  the  use  of  any  of 

the  instruments  described  in  §§  172  to  176.  The  sample  is  thoroughly 
demagnetized,  and  a  virgin  curve  OAM  (Fig.  161)  taken.  After  this 
one  or  more  hysteresis  loops  may  be  taken.  The  test  should  be  per- 
formed on  samples  of  steel,  soft  wrought  iron,  and  cast  iron.  If  the 
constant  of  the  ballistic  galvanometer  is  not  known,  the  instrument 
must  be  calibrated  as  explained  in  the  preceding  article.  Aside  from 
learning  the  method  itself,  and  the  operation  of  a  permeameter,  it  is 
expected  that  the  student  will  make  clear  to  himself:  (a)  The  details  of 
its  construction,  (b)  the  sources  of  error,  (c)  the  limits  of  accuracy. 

Report.  (1)  Plot  the  magnetization  curve  of  one  sample,  using 
ampere-turns  per  inch  as  abscissae  and  B  per  square  inch  as  ordinates; 
for  another  sample  use  densities  H  in  air  as  abscissae  and  B  per  sq. 
cm.  as  ordinates;  a  third  curve  should  give  values  of  permeability  B  -f-  // 
to  densities  B  as  abscissae.  In  this  way  the  student  will  learn  the 
various  methods  of  plotting  magnetization  curves. 

(2)  Illustrate  in  a  numerical  example  the  use  of  these  curves  for 
determining  the  number  of  ampere-turns  in  a  given  case,  —  for  instance. 
to  produce  a  given  flux  in  a  magnetic  circuit  like  the  one  shown  in  Fig. 
147.  The  dimensions  of  the  cores  and  the  length  of  the  air-gap  are 
supposed  to  be  given. 

(3)  Figure  out  hysteresis  loss  by  integrating  one  of  the  curves,  as 
explained  in  §  203. 

(4)  Discuss  the  advantages  and  disadvantages  of  the  apparatus  used, 
sources  of  error,  limits  of  accuracy,  etc.  • 
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180.  Koepsel   Permeameter.  —  In  its  principle  the  device  is  a  milli- 

voltmeter  (Figs.  173  and  174),  in 
which  the  permanent  magnet  is 
replaced  by  an  electromagnet;  the 
sample  under  test  is  a  part  of  this, 
electromagnet.  The  instrument 
consists  of  two  heavy  pole-pieces  J  J 
(Fig.  173)  in  which  is  fastened  the 
rod  P  to  be  tested ;  S  is  the  magnetiz- 
ing coil.  The  flux  produced  in  the 
sample  and  in  the  pole-pieces  is  meas- 
ured by  means  of  a  moving  coil  $. 
similar  to  those  used  in  direct- 
ammeters  and  voltmeters  (Fig.  34).     The  coil  is  supplied  with 


Pig.  173. 
current 


A  cross-section  of  the  Koep- 
sel permeameter. 


Obap.  8] 


PERMEABILITY    TESTS. 


209 


current  from  a  small  auxiliary  dry  battery;  deflections  are  indicated 
by  a  pointer  on  the  dial  (Fig.  175);  the  scale  is  calibrated  directly  in 
magnetic  densities  B  per  sq.  cm. 

U  in  Figs.  173  to  175  is  a  double-throw  switch  for  reversing  the 
current  in  the  magnetizing  coil  S;  Wm  in  Fig.  175  is  a  rheostat  for  regu- 
lating the  current  in  the  same  coil.  Wk  is  a  rheostat  for  regulating  the 
current  in  the  moving  coil;  it  has  three  handles,  for  coarse,  medium 
and  fine  adjustment.    S\  and  S2  in  Fig.  174  are  compensating  coils  con- 


Fig.  174.    The  Koepsel  permeameter  with  the  cover  off. 

nected  in  series  with  S  and  opposing  it  magnetically.     These  coils  are 
adjusted  so  that  the  instrument  shows  zero,  when  the  sample  is  taken  out; 


-awp 
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Fig.  175.    The  electrical  connections  in  the  Koepsel  permeameter. 

in  other  words,  they  compensate  for  the  magnetic  action  of  the  coil  S 
itself.  In  this  way  the  apparatus  is  made  to  indicate  directly  the 
magnetic  induction  due  to  the  sample  under  test. 
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The  apparatus  is  intended  for  taking  complete  magnetization  curves, 
similar  to  one  shown  in  Fig.  161.  The  values  of  B  are  read  off  directly 
on  the  scale  (Fig.  176),  when  the  current  i  in  the  moving  coil  is  adjusted 

to  a  value  given  on  the 
instrument.  This  cur- 
rent i  =  k  -*-  q,  where  k 
is  an  instrument  con- 
stant, and  q  is  the  cross- 
section  (in  sq.  cm.)  of  the 
sample  under  test.  The 
smaller  this  cross-sec- 
tion, the  smaller  the 
flux,  and  the  larger  must 
be  the  current  in  the 
moving  coil,  in  order 
to  produce  the  same  de- 
flection. 

The  exciting  ampere- 
turns  are  obtained  by 
multiplying  the  current  / 
in  the  coil  S  by  its  number  of  turns.  The  apparatus,  as  it  is  manufac- 
tured now,  has  79.6  turns  per  cm.,  so  that  the  exciting  ampere-turns 
per  cm.  length  of  sample  are  =  79.6  /.  This  is  done  in  order  to  make 
the  instrument  direct-reading  for  magnetic  densities  H  in  the  air 
(§  165).     Namely,  from  the  formula  (1), 


Fig.  176.    The  Koepsel  perroeameter 


H 


nl 


^79.6/ 

0.796 1      0.796 


=  100  7. 


There  is  no  reason,  however,  why  the  instrument  should  not  be  made 
with  100  turns  per  cm.,  or  per  inch,  so  as  to  be  direct-reading  for 
ampere-turns  per  centimeter,  or  per  inch. 

The  use  of  this  apparatus  is  extremely  simple:  a  sample  of  known 
cross-section  is  put  into  it,  and  the  auxiliary  current  adjusted  according 
to  the  formula  i  =  k  ■*-  q;  the  value  of  k  is  given  on  the  instrument 
itself.  Then  the  main  current  is  closed  through  the  magnetizing  coil, 
and  simultaneous  readings  taken  on  the  ammeter  in  the  primary  circuit  f 
and  on  the  dial  of  the  apparatus.  Ammeter  readings  multiplied  by 
79.6  give  exciting  ampere-turns  per  cm.  (or,  multiplied  by  100,  give 
values  of  H).  The  value  of  B  is  read  off  directly  on  the  scale  of  the 
apparatus.  By  varying  the  current  in  S  a  complete  B-H  curve  of 
the  sample  can  be  obtained. 
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Care  must  be  taken  to  protect  the  apparatus  from  external  mag- 
netic fields;  strong  magnets,  or  large  pieces  of  iron,  should  not  be 
allowed  near  it,  while  readings  are  taken.  The  sample  itself  must 
have  no  long  ends  sticking  out  of  the  yoke,  as  they  produce  a  stray  field. 
The  apparatus  is  sensitive  even  to  terrestrial  magnetism;  in  order  to 
eliminate  this  error  the  device  must  be  placed  so  that  the  line  marked  on 
the  dial  is  in  the  direction  "  north  -south."  When  the  instrument  is 
in  this  position  and  both  currents  are  "on,"  the  pointer  must  remain 
on  zero,  so  long  as  there  is  no  test  sample  in  the  apparatus. 

There  is  in  this,  as  in  some  other  devices,  a  source  of  error,  which  is 
difficult  to  eliminate,  namely,  imperfect  contacts  between  the  yoke  and 
the  rod  under  test.  The  result  is,  that  it  takes  more  ampere-turns  to 
produce  a  certain  flux  than  it  would  without  these  unavoidable  air- 
gaps;  consequently,  the  apparent  permeability  comes  out  lower  than 
it  is  in  reality.  An  air-gap  only  1/1000  of  an  inch  long  is  equivalent 
in  its  magnetic  resistance  to  nearly  J  inch  of  a  good  iron  rod;  therefore, 
when  accurate  results  are  required,  the  experimentally  observed  6-H 
curve  must  be  properly  corrected.  Correction  curves  are  usually 
supplied  with  the  apparatus. 

181.  EXPERIMENT  8-D.  —Magnetization  Curves  of  iron  with 
Koepsel  Permeameter.  — Test  a  steel  specimen,  a  cast-iron  specimen, 
and  a  bunch  of  iron  laminations.  Special  clamps  are  provided  with  the 
instrument  for  accommodating  round  and  rectangular  samples.  Set  the 
instrument  in  the  N-S  direction;  see  that  the  needle  shows  no  deflection, 
without  the  sample;  and  with  both  currents  on.  Insert  the  sample,  and 
demagnetize  it  (§  167) ;  use  the  commutator  shown  in  front  in  Fig.  174 
for  reversing  the  current.  Take  the  curves  shown  in  Fig.  161.  Correct 
the  data  obtained,  as  per  standardization  certificate  of  the  instrument. 
Investigate  in  how  far  the  apparatus  is  sensitive  to  stray  magnetic 
fields,  to  the  influence  of  terrestrial  magnetism,  and  to  large  iron  masses 
in  its  proximity. 

Report.     Identical  with  §  179. 

182.  Esterline  Permeameter.  —  The  apparatus  devised  by  Prof. 
J.  W.  Esterline  for  testing  permeability,  is  essentially  a  small  direct-cur- 
rent generator;  the  sample  to  be  tested  completes  the  magnetic  circuit 
of  the  machine.  The  working  principle  of  the  device  may  be  under- 
stood with  reference  to  Fig.  174,  if  the  moving  coil  s  be  replaced  by  a 
regular  direct-current  armature  driven  by  a  motor.  The  magnetizing 
coil  S,  the  sample  P  and  the  pole-pieces  J  J  are  essentially  the  same  as 
in  the  Koepsel  permeameter.  The  flux  in  the  sample,  instead  of  being 
measured  by  a  deflection  of  the  moving  coil  s,  is  measured  by  the  voltage 
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induced  in  the  revolving  armature.     The  magnetic  density  is  figured 
out  from  the  formula 


density  =  const.  X 


volts 
speed 


This  follows  from  the  fact  that  the  voltage  induced  in  the  revolving 
armature  is  proportional  to  the  flux  and  to  the  speed  of  rotation.  Com- 
pensating coils  are  used  to  account  for  the  reluctance  of  the  air-gap  and 
of  the  parts  of  the  circuit,  other  than  the  bar  under  test. 

In  the  apparatus  as  it  is  now  manufactured,  the  exciting  ampere-turns 
are  varied  by  changing  the  number  of  turns  in  the  magnetizing  coil. 
There  is  no  reason,  however,  why  this  should  not  be  done  by  simply 
regulating  the  current  in  the  coil  by  a  suitable  resistance,  as  in  the 
Koepsel  permeameter.  The  Esterline  apparatus  is  substantially  built, 
is  not  affected  by  terrestrial  field,  and  is  designed  so  as  to  be  suitable 
for  ordinary  commercial  work.  It  is  claimed  that  an  inexperienced 
operator,  with  hardly  any  knowledge  of  electricity  and  magnetism,  can 
obtain  accurate  results  after  very  little  practice.  The  device  is  de- 
scribed in  detail  by  the  inventor  in  the  Proceedings  of  the  American 
Society  for  Testing  Materials,  VI,  1906. 

183.  Ewing  Permeability  Bridge.  —  An  ingenious  method  for  com- 
paring specimens  of  steel  and  iron  to  a  standard  sample  was  devised 

by  Prof.  Ewing  (Fig.  177). 
S  is  a  standard  rod  whose 
magnetization  curve  is  known; 
T  is  the  sample  under  test. 
Both  are  surrounded  by  mag- 
netizing coils  and  are  clamped 
in  heavy  iron  yokes  P  P. 
The  magnetic  circuit  is  closed 
as  shown  by  the  arrows.  The 
standard  sample  is  excited 
with  a  certain  number  of  am- 
pere-turns; the  number  of  am- 
pere turns  on  the  sample 
under  test  is  varied  until  the 
fluxes  in  both  samples  be- 
come   equal.      This    moment 

is  recognized  by  the  pivoted- 
Fig.177.     The  Ewing  magnetic  bridge.  magnetic    needle   m  returning 

to   zero.     When   the   fluxes  in  the  two  samples  are  different,  some 
lines  of  force  must  find  their  path  through  the  horns  H  H   and  the 
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air-gap  between  them,  deflecting  the  needle.  When  the  fluxes  become 
equal,  no  stray  flux  passes  through  HH,  and  the  needle  returns  to 
zero,  under  the  influence  of  the  permanent  magnet  g. 

In  the  apparatus,  as  it  is  actually  made,  the  number  of  turns  around 
the  standard  sample  S  is  fixed,  that  around  the  specimen  T  may  be 
varied  by  a  radial  arm  and  contacts.  A  double  row  of  contacts  is  pro- 
vided, so  that  when  a  section  of  the  coil  is  cut  out  of  the  circuit,  an 
equivalent  resistance  is  inserted  in  its  place.  This  is  done  in  order  to 
maintain  a  constant  current.  The  two  magnetizing  coils  are  connected 
in  series,  so  that  the  ratio  of  active  turns  gives  directly  the  ratio  of 
ampere-turns.  With  this  arrangement  one  ammeter  is  used  instead 
of  two. 

The  magnetization  curve  of  the  sample  under  test  is  plotted  by 
changing  the  abscissae  of  the  magnetization  curve  of  the  standard 
sample.  Let,  for  instance,  the  standard  sample  require  80  ampere- 
turns  per  inch  at  a  density  of  100  kilo-maxwells  per  sq.  inch.  Send 
through  the  magnetizing  coils  a  current,  such  as  to  produce  SO 
ampere-turns  per  inch  in  the  standard  sample;  adjust  the  number  of 
turns  of  the  specimen  under  test,  until  the  needle  m  returns  to  zero. 
Let  the  number  of  turns  in  the  standard  coil  be  100,  that  on  the  other 
coil  150.  This  shows  that  in  order  to  obtain  a  density  of  100  kilo- 
maxwells  in  the  sample  under  test 

80  X  J^-  =  120 

ampere-turns  per  inch  are  required.  A  calibration  curve  is  usually 
furnished  with  the  instrument  to  account  for  air-gaps. 

The  apparatus  is  called  a  "bridge,"  because  of  its  resemblance  to  the 
Wheatstone  bridge;  the  two  horns  HH  and  the  magnetic  needle  corre- 
spond to  the  galvanometer  circuit  of  the  bridge  (§  14). 

184.  EXPERIMENT  8-E.  —  Magnetization  Curves  of  Iron  with 
Ewing  Permeability  Bridge.  —  The  apparatus  is  described  in  §  183. 
The  conduct  of  the  experiment  and  the  requirments  for  the  report  are 
the  same  as  in  §  179. 

185.  Bismuth  Spiral.  — The  metal  bismuth  has  a  peculiar  property, 
that  its  electrical  resistance  increases  appreciably,  when  it  is  placed  in  a 
magnetic  field.  Per  cent  increase  in  resistance  is  nearly  proportional 
to  the  magnetic  density  of  the  field.  The  curve  shown  in  Fig.  178  gives 
an  idea  of  this  increase  for  an  average  specimen  of  bismuth  wire.  This 
property  of  bismuth  is  utilized  to  some  extent  for  measuring  magnetic 
densities.     Fine  bismuth  wire  is  made  into  a  flat  spiral  wound  non- 
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inductively,  the  wire  being  doubled  back  on  itself.  The  winding  is 
held  rigidly  between  two  thin  pieces  of  mica.  Such  a  spiral  is  placed  in 
a  field,  of  which  it  is  desired  to  measure  the  flux  density;  its  ends  are 
connected  to  a  Wheatstone  bridge.  From  the  increase  in  the  electrical 
resistance  of  the  bismuth  wire,  flux  density  is  determined  by  using 
the  curve  shown  in  Fig.  178.  Bismuth  spirals  used  for  measuring 
flux  density  in  air-gaps  of  electrical  machines,  stray  fluxes,  etc.,  are 
provided  with  handles  and  with  suitable  terminals.     For  testing  per- 
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Fig.  178.    Variation  of  resistance  of  a  bismuth  spiral  in  a  magnetic  field  of  varying 

density. 


meability  of  iron,  with  bismuth  spirals,  an  apparatus  similar  to  that 
shown  in  Fig.  166  is  used.  The  exploring  coil  E  is  omitted,  and  the 
spiral  is  inserted  between  the  ends  of  the  two  samples  TT.  Bismuth 
has  an  appreciable  temperature  coefficient;  a  correction  must  be  applied 
for  this  factor  when  using  the  apparatus. 

186.  EXPERIMENT  8-F.— Magnetization  Curves  of  Iron  with 
Bismuth  Spiral.  —  The  method  is  described  in  §  185.  The  general  con- 
duct of  the  experiment  and  the  requirements  for  the  report  are  the 
same  as  in  §  179. 


CHAPTER  IX. 
MEASUREMENT  OF  CORE  LOSS. 

187.  Steel  and  iron  cores  used  in  armatures  of  electrical  machines 
and  in  transformers  are  subjected  to  a  variable  magnetization.  Each 
particle  of  the  core  is  regularly  magnetized  in  one  and  then  in  the 
opposite  direction  many  times  a  second,  according  to  the  frequency 
of  the  supply  or  the  speed  of  the  machine.  Under  such  conditions 
cores  are  appreciably  heated;  this  heating  is  objectionable  from  two 
points  of  view: 

(1)  The  temperature  may  reach  a  limit  where  it  is  dangerous  to  the 
insulation  of  the  windings. 

(2)  The  efficiency  of  the  machine  is  lowered,  by  the  amount  of 
energy  thus  converted  into  heat. 

An  investigation  of  this  heating  of  iron,  and  of  the  resultant  loss  of 
energy,  shows  that  it  is  due  to  two  distinct  and  independent  causes: 
(1)  molecular  friction,  or  hysteresis;  (2)  induced  eddy  currents. 

188.  Physical  Nature  of  Hysteresis.  —  The  phenomenon  of  hyste- 
resis is  described  in  §  164;  as  is  stated  there,  flux  density  in  iron  lags 
behind  the  exciting  ampere-turns,  when  it  is  subjected  to  cyclic  magnet- 
ization. The  accompanying  loss  of  energy  is  probably  due  to  some 
friction  among  the  molecules  of  iron,  when  the  magnetizing  force  causes 
them  to  be  arranged  along  certain  lines.  A  certain  amount  of  energy  is 
necessary  to  take  one  pound  of  iron  through  one  cycle  of  magnetiza- 
tion up  to  a  certain  flux  density.  The  loss  of  power  depends  therefore 
upon  the  number  of  cycles  per  second,  in  other  words,  on  the  frequency 
of  magnetization.  This  power  also  increases  with  the  maximum  flux 
density  to  which  magnetization  is  carried. 

Thus  hysteresis  loss  W  =  rjVf.F(B)  watts,  where  V  is  the  volume 
of  iron,  /  the  frequency  of  magnetization  in  cycles  per  second,  F(B) 
a  function  of  the  magnetic  density,  and  17  a  physical  coefficient,  which 
depends  on  the  quality  of  iron.  Dr.  Steinmetz  found  by  extensive 
tests  that  hysteresis  loss  increases  on  the  average  as  the  1.6th  power  of 
the  density  B.  Accordingly,  for  many  practical  purposes  it  is  assumed 
that 

W  -  vVf.Bl< (1) 
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In  stationary  machinery,  as,  for  instance,  in  transformers,  the  energy 
necessary  for  overcoming  this  loss  is  supplied  electrically  in  the  form 
of  an  additional  component  of  the  magnetizing  current.  In  generators, 
hysteresis  causes  an  opposing  torque  between  the  armature  and  the 
field;  the  energy  for  overcoming  this  torque  is  supplied  by  the 
prime  mover.  In  motors  the  loss  may  be  supplied  from  the  line,  or 
it  may  be  considered  as  reducing  the  useful  torque  available  on  the 
shaft. 

It  is  interesting  to  note  that  the  counter-torque  caused  by  hysteresis 
is  independent  of  the  speed  of  the  machine.  Let  this  torque  be  T  foot- 
pounds and  the  speed  of  the  machine  n  r.p.m.  The  power  necessary 
for  overcoming  this  torque  is  proportional  to  the  product  "torque  times 
speed,"  so  that 

W  =  KnT  watts, 

where  K  is  a  numerical  constant.  Equating  this  expression  to  (1), 
we  have 

KnT  -  vVf.Bl\ 

The  number  of  cycles  of  magnetization  /  is  proportional  to  the  speed 
n  of  the  machine,  so  that  we  finally  get 

T  =  K'r,VBl* (2) 

where  K'  is  another  constant.  This  equation  (2)  shows  that  the 
torque  caused  by  hysteresis  does  not  depend  on  the  speed  of  the 
machine. 

189.  Physical  Nature  of  Eddy  Currents. —  Iron  is  not  only  a  mag- 
netic conductor,  but  also  a  good  conductor  for  electric  currents.  There- 
fore, when  a  magnetic  flux  varies  in  iron,  currents  are  induced  in  it  as 
in  any  other  conductor,  subjected  to  a  pulsating  flux.  These  currents 
are  called  eddy  currents,  or  Foucault  currents,  after  a  French  physicist 
of  that  name;  they  constitute  a  pure  loss  of  energy.  To  reduce  these 
currents  as  far  as  possible,  iron  is  subdivided  into  thin  sheets,  or  lami- 
nations, insulated  from  each  other  by  paint,  varnish,  tissue  paper,  etc., 
in  order  to  break  up  the  paths  of  eddy  currents. 

Like  all  induced  currents,  eddy  currents  are  proportional  to  the  flux 
density  B  and  to  the  frequency  /  of  pulsations.  Thus  eddy  currents 
per  cubic  unit  of  iron  are  proportional  to  the  product  Bf;  the  corre- 
sponding loss  in  watts  is  proportional  to  the  square  of  the  currents 
(according  to  the  expression  t^r).     Thus,  we  have 

eddy-current  loss  w  =  £  VpB2  watts    ....      (3) 
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The  physical  coefficient  £  depends  on  the  thickness  of  laminations,  and 
decreases  approximately  as  the  square  of  the  thickness.  Proceeding 
as  in  §  188,  we  find  that  the  torque  caused  by  eddy  currents 

t  =  k'£VnB* (4) 

This  torque  is  proportional  to  the  speed  of  rotation,  or  to  the  fre- 
quency of  magnetization;  it  has  been  shown,  that  the  hysteresis  torque 
(2)  is  the  same  at  all  speeds.  This  difference  in  the  properties  of 
hysteresis  and  eddy  currents  is  utilized  in  practice  for  separating  them 
from  each  other. 

190.  Methods  for  Measuring  Hysteresis  and  Eddy  Currents.  — 
Core  loss  due  to  hysteresis  and  eddy  currents  lowers  the  efficiency  and 
increases  the  temperature  rise  in  machinery.  It  is  important,  there- 
fore, to  know  how  to  measure  this  loss  on  samples  of  steel  used  in  the 
construction  of  electrical  machinery.  Such  tests  make  it  possible  to 
estimate  the  loss  of  energy  and  the  temperature  rise  while  designing 
new  machines;  also  to  reject  material  of  inferior  quality,  which  gives 
an  abnormal  core  loss.  Results  of  core-loss  tests  are  usually  plotted 
in  the  form  of  the  curves,  shown  in  Fig.  179.     The  curves  give  the 


O     Magnetic  Density  in  Lines  per  sq.  inch  (or  sq.  cm.) 

Fio.  179.     Carves  of  iron  loss  at  different  magnetic  densities 
and  different  frequencies  of  magnetization. 

total  loss  which  comprises  both  hysteresis  and  eddy  currents.  In  most 
practical  cases  it  is  not  required  to  separate  the  two;  but  should  this 
be  necessary,  it  can  be  done  as  is  explained  in  §  200. 

Two  distinct  methods  for  determining  iron  loss  are  chiefly  used: 
(1)  Mechanical  torque  method,    (2)    Wattmeter  method.     With  the 
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first  method  the  samples  to  be  tested  are  driven  mechanically  in  a 
magnetic  field  (or  vice  versa),  as  if  they  were  parts  of  the  armature 
core  of  a  generator.  The  torque  produced  by  the  core  loss  in  the 
samples  is  measured  by  a  dynamometer  spring.  With  the  wattmeter 
method  samples  are  magnetized  by  an  alternating  current,  as  they 
would  be  in  a  transformer;  the  power  necessary  for  magnetization  is 
measured  on  a  wattmeter. 

The  torque  method  should  be  used  for  sheet  steel  intended  for  arma- 
ture cores  of  generators  and  motors;  the  wattmeter  method  is  suitable 
for  transformer  iron.  In  practice,  however,  no  such  strict  distinction 
is  made  between  the  two  methods,  because  in  most  cases  it  is  sufficient 
to  know  that  a  new  lot  of  iron  has  a  core  loss  not  above  a  certain  limit, 
set  as  the  result  of  previous  experience.  It  makes  little  difference  in 
which  way  this  limit  is  ascertained,  provided  the  same  method  is  used 
in  cases  to  be  directly  compared. 

A  third  possible  method  consists  in  integrating  the  area  of  a  hysteresis 
loop  of  the  sample  (Fig.  161).  It  can  be  shown  theoretically  (see 
§  203)  that  the  area  of  this  loop  is  proportional  to  joules  hysteresis 

loss  per  cu.  cm.  of  iron,  per 
cycle  of  magnetization.  This 
method  is  seldom  used,  because 
it  is  rather  lengthy;  besides,  it 
gives  hysteresis  loss  only,  and  not 
the  total  core  loss. 

MECHANICAL   TORQUE   METHOD. 

191.  E wing  Magnetic  Tester. 

—  This  is  the  simplest  and  the 
oldest  device  based  on  the  prin- 
ciple of  measuring  hysteresis  loss 
by  mechanical  torque;  it  is  shown 
in  Fig.  180.  A  few  strips  of 
sheet  iron  to  be  tested  are 
clamped  into  a  carrier  C,  which 
is  made  to  revolve  by  turning 
the  handle  H.  The  carrier  turns 
between  the  poles  of  a  permanent  magnet,  which  is  suspended  on  a 
knife-edge.  In  consequence  of  the  hysteresis  torque  of  the  specimen 
the  magnet  is  deflected,  and  the  deflection  is  observed  by  means  of  a 
pointer  on  the  scale  S. 

The  same  test  is  made  with  a  standard  sample,  whose  hysteresis 


Fig.  180.    The  Ewing  hysteresis  tester. 
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loss  in  -watts  per  cycle  has  been  previously  determined  by  some  other 
method  (for  instance,  by  integrating  its  B-H  loop).  The  ratio  of 
deflections  gives  the  ratio  of  the  values  of  hysteresis  loss  in  the  two 
samples. 

The  deflections  of  the  pointer  are  practically  independent  of  the 
speed  of  rotation;  it  is  shown  in  §  188,  equation  (2),  that  hysteresis 
torque  is  independent  of  the  frequency  of  magnetization.  Yet,  when 
the  speed  becomes  rather  high,  the  influence  of  eddy  currents  becomes 
noticeable,  the  deflection  being  thereby  increased. 

It  must  be  noted,  that  the  loss  determined  by  this  tester  refers  to  a 
certain  flux  density  only,  and  no  provision  is  made  in  the  apparatus 
for  varying  the  density.  The  density  within  the  samples  is  practically 
independent  of  the  quality  of  iron  tested;  the  value  of  the  flux  is  chiefly 
determined  by  the  reluctance  of  the  two  air-gaps.  The  instrument 
is  adapted  for  rough  relative  tests  rather  than  for  determining  absolute 
values  of  hysteresis  loss. 


192.  EXPERIMENT  9-A.  —Hysteresis  Loss  in  Iron  with 
Ewing  Magnetic  Tester.  —  Test  a  few  samples  of  sheet  steel  and  iron, 
as  explained  in  the  preceding  article.  Investigate  the  influence  of  the 
speed  of  rotation;  make  a  sketch  of  the  mechanical  details  of  the  device. 
Test  one  of  the  samples  with  laminations  thoroughly  insulated  from  each 
other,  and  then  without  insulation;  see  if  the  influence  of  eddy  current 
makes  itself  perceptible  in  the  second 
case.  Form  an  opinion  in  regard  to 
the  accuracy  of  the  instrument  and 
its  applicability  for  practical  work. 

193.  Blondel  Hysteresimeter.  — 
This  device  (Figs.  181  and  182)  is 
based  on  the  same  principle  as  the 
above-described  E  wing  magnetictester, 
but  is  mechanically  superior  to  it.  It 
has  a  U-shaped  permanent  magnet 
MM  which  can  be  rotated  around 
a  vertical  axis  by  means  of  the  handle 
H.  The  sample  sheets  to  be  tested 
are  made  in  the  form  of  a  ring  R  and 
are  fastened  on  the  support  S.  This 
support  with  its  pivoted  vertical  shaft 
P,  tenia  to  revolve,  but  is  retained  by 
an  opposing  spiral  spring,  shown  in  the  figure.  When  the  magnet  M 
revolves,  the  support  with  the  sample  turns  by  an  angle,  at  which  the 


Fig.  181. 


The  Blondel  hysteresi- 
meter. 
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hysteresis  torque  just  balances  the  spring  action.  The  deflection  is 
practically  independent  of  the  speed  of  rotation,  as  in  the  above  Ewing's 
apparatus,  and  is  directly  proportional  to  the  hysteresis  constant  17  of 
the  sample  (see  I  188). 

A  standard  sample,  whose  hysteresis  constant  has  been  determined 
by  another  method,  is  used  with  this  instrument;  the  ratio  of  deflections 


Fig.  182.     A  cross-section  of  the  Blondel  hysteresimeter. 


given  by  the  standard  sample  and  the  sample  under  test  is  equal  to 
the  ratio  of  their  hysteresis  constants. 

The  magnet  M  is  selected  of  such  a  strength  as  to  give  in  the  sample 
a  magnetic  density  B  of  about  10.000  lines  per  sq.  cm.  The  reluctance 
of  the  air-gap  is  so  large,  as  compared  to  that  of  the  sample  itself,  that 
differences  in  permeability  of  different  samples  hardly  affect  the  above 
value.  Thus  all  samples  are  compared  at  a  standard  density  of  10.000 
maxwells  per  sq.  cm. 

In  testing  samples  with  this  hysteresi meter  it  is  always  necessary  to 
take  readings  with  rotation  both  ways;  the  average  of  the  two  indica- 
tions is  the  true  zero  position.  This  eliminates  the  error  due  to  a 
possible  previous  magnetization  of  the  sample. 

To  insert  a  sample  into  the  apparatus,  first  remove  the  glass  covering 
the  scale,  then  take  off  the  pointer  and  finally  the  support  S.    The 
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sample  is  clamped  to  the  support,  after  which  the  parts  are  returned 
to  their  respective  places.  In  performing  the  measurement  it  is 
advisable  to  rotate  the  handle  at  a  speed  of  2  to  3  revolutions  per  sec. 

194.  EXPERIMENT  9-B.  —Hysteresis  Loss  with  Blondel  Hys- 
teresimeter.  —  See  directions  for  the  preceding  experiment  (§  192). 

195.  Holden-Esterline  Core-Loss  Meter.  — The  two  above- 
described  hysteresis  testers  are  very  simple  and  convenient  to  use,  but 
they  have  the  following  disadvantages: 

(a)  Being  rotated  by  hand,  the  frequency  is  so  low  that  samples 
are  tested  for  hysteresis  loss  only,  while  total  loss  is  usually  important. 

(b)  Hysteresis  loss  is  determined  at  one  density  only. 

(c)  Readings  are  merely  relative,  so  that  a  standard  sample  is 
required. 

These  objections  are  remedied  in  a  device  constructed  by  Mr.  Frank 
Holden.    In  his  instrument  the  magnetizing  field   is  revolved  by  a 


Fkj.  183.     Holden-Esterliue  core -loss  meter. 

motor  at  a  required  high  frequency;  moreover,  an  electromagnet  is 
substituted  for  the  permanent  magnet,  so  that'  it  is  possible  to  test 
samples  within  a  wide  range  of  magnetic  densities;  the  instrument  is 
made  to  read  the  core  loss  directly  in  watts.  Holden  hysteresis  meter 
is  described  in  detail  in  Foster's  Pocketbook,  p.  75.  It  was  recently 
improved  by  Prof.  J.  W.  Esterline,  and  in  this  latter  form  is  shown  in 
Figs.  183  and  184. 

The  exciting  field  —  with  inwardly  projecting  poles,  six  in  number 
—  is  made  of  stamped  laminations,  and  mounted  on  a  hub  which  can 
be  rotated  by  means  of  a  belted  motor.  The  poles  of  this  field  are 
wound  with  exciting  coils.     For  alternating-current  work   the  frame 
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is  left  stationary;  the  coils  are  connected  to  a  two-phase  or  three-  hase 
circuit,  so  as  to  produce  a  rotating  magnetic  field. 

The  sample  to  be  tested  consists  of  concentric  rings,  mounted  on 
a  brass  spider,  whose  shaft  has  a  pivot  below,  resting  on  a  jeweled 


Fig.  184.    Parts  of  the  Holden-Esterline  core-loss  meter. 

bearing.  The  upper  end  of  the  shaft  is  guided  by  a  bearing  in  the  dial 
plate.  When  the  poles  are  rotated,  or  a  rotating  field  produced  by 
A.  C.  currents,  the  eddy  currents  and  hysteresis  in  the  sample  tend  to 
cause  it  to  rotate  also.  It  is,  however*  prevented  from  doing  so,  by  a 
coiled  spring,  attached  at  one  end  to  the  spider  which  carries  the  sample 
core,  at  the  other  to  a  milled  head  on  the  dial  plate.  The  pointer 
attached  to  the  milled  head  is  set  at  zero,  when  there  is  no  twist  in  the 
spring.  The  angle  of  torsion  necessary  to  turn  the  core  back  to  zero, 
when  the  loss  is  taking  place,  is  a  measure  of  the  loss. 

Instead  of  calibrating  the  dial  in  ft. -lbs.,  or  in  gram-centimeters 
torque,  it  is  calibrated  directly  in  watts  loss,  at  a  certain  standard 
frequency,  for  instance,  60  cycles  per  sec.  At  lower  frequencies  the 
readings  must  be  accordingly  reduced,  at  higher  frequencies  increased. 
The  air-gap  is  made  of  sufficient  length  to  make  the  flux  density  in  the 
specimen  practically  proportional  to  the  exciting  current.  Moreover, 
the  permeability  of  the  sample  at  the  usual  densities  has  very  little 
effect  on  the  flux  in  the  instrument,  so  that  the  dial  can  be  calibrated 
once  for  all.  The  apparatus  is  well  adapted  for  commercial  work;  it 
is  strong  mechanically,  and  not  much  skill  or  electrical  knowledge  is 
required  to  operate  it.* 

*  A  somewhat  similar  device,  in  which  the  punchings  are  made  to  revolve  and 
the  field  is  stationary,  was  described  by  Mr.  C.  E  Skinner  in  the  Electric  Club 
Journal,  1904,  p.  337. 
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196.  EXPERIMENT  9-C.  —Testing  Iron  with  Esterline  Core- 
Loss  Meter.  — For  a  description  of  the  device  see  the  preceding  article. 
Test  a  few  samples  over  a  wide  range  of  densities  and  frequencies;  drive 
the  field  with  a  motor.  Take  a  few  readings  with  a  revolving  field 
produced  by  polyphase  currents.  Study  the  mechanical  details  of 
the  apparatus;  if  possible,  check  the  calibration  of  the  dynamometer 
spring.  ' 

Report.  Plot  curves  giving  core  loss  in  watts  per  pound  of  iron, 
at.  various  densities  and  frequencies  (Fig.  179).  Separate  hysteresis 
from  eddy  currents,  as  in  §  200.  Show  the  difference  in  the  value  of 
the  loss  with  the  field  produced  by  polyphase  currents;  explain  the 
discrepancy. 

WATTMETER   METHOD. 

197.  In  the  above-described  core-loss  testing  devices  the  sample  is 
subjected  to  "rotating  hysteresis"  as  in  generator  and  motor  arma- 


Fig.  185.    Diagrammatic  representation  of  the  Epstein  core-loss  apparatus. 

tures.  In  transformers  the  iron  core  is  subjected  to  so-called  "alter- 
nating hysteresis  ";  in  order  to  test  samples  under  such  conditions  they 
are  placed  within  coils  excited  with  alternating  current,  and  the  mag- 
netization loss  determined  by  a  wattmeter.  The  arrangement  must 
be  such,  as  to  have  a  closed  magnetic  circuit,  and  at  the  same  time 
not  necessitate  winding  new  magnetizing  coils  every  time.  A  few 
practical  devices  of  this  kind  are  described  below. 

198.  Types  of  Testing  Devices.  —  Samples  may  be  tested  either  in 
the  form  of  rectangular  strips,  or  as  stamped  rings;  some  even  prefer  to 
test  whole  sheets  as  they  come  from  the  rolling  mills.  The  three  devices 
described  below  are  intended  for  testing  iron  in  these  three  forms. 

(a)  Arrangement  for  testing  strips  (Epstein).  The  device  shown  in 
Fig.  185  is  prescribed  for  core-loss  tests  by  the  German  Institution  of 
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Electrical  Engineers;  its  details  and  dimensions  may  be  found  in  their 
standardization  rules  (Vorschriften).  The  apparatus  has  four  magne- 
tizing coils  C\,  C2,  C3,  C4,  of  a  rectangular  cross-section;  sample 
sheets  are  inserted  one  by  one,  two  consecutive  layers  being  shown  in 
Fig.   186.     The  ends  of  the  strips  overlap  each  other,  and  the  four 


Fig.  1S6.     Overlapping  of  strips  in  two  consecutive  layers, 
in  the  apparatus  shown  in  Fig.  185. 

corners  are  clamped  so  as  to  form  practically  a  closed  magnetic  circuit. 
The  coils  are  energized  from  an  alternating-current  supply  having  a 
wave-form  as  near  sinusoidal  as  possible;  watts  iron  loss  is  read  directly 
on  the  wattmeter  W.  By  varying  the  voltage  at  the  terminals  of  the 
apparatus  the  induction  in  the  iron  is  also  varied,  and  a  curve  can  l>e 
plotted  giving  iron  loss  as  a  function  of  induction. 

(b)  Arrangement  for  testing  rings  (Moellinger,  Esterline).  In  order 
to  avoid  winding  a  new  coil  around  each  bunch  of  punchings,  the  turns 
of  the  winding  are  divided  each  in  two  halves  (Fig.  187);  both  parts 


Ficj.  187.     Esterline  apparatus  for  testing  iron  in  ring-form. 

are   carried   by  separate   non-conducting  shells.     The   punchings  are 
placed  on  the  lower  shell  and  covered  with  the  upper  shell,  thus  form- 
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ing  complete  magnetic  and  electric  circuits.  An  alternating  current 
of  constant  value  is  used  with  this  device.  The  exciting  ampere-turns 
are  varied  by  changing  the  number  of  active  turns  in  the  circuit,  by  a 
dial  switch.  A  resistance  is  simultaneously  introduced  into  the  circuit, 
so  that  the  total  resistance  remains  constant.  In  this  way  the  correc- 
tion, vhr,  for  the  copper  loss  in  the  winding  remains  constant.  The 
wattmeter  may  be  adjusted  to  read  zero  when  a  normal  current  is 
flowing  through  the  instrument,  without  iron  core;  in  this  case  no 
correction  whatever  is  necessary. 

(c)  Arrangement  for  testing  whole  sheets  (Richter).  A  narrow  mag- 
netizing coil  is  wound  along  the  periphery  of  a  barrel  (Fig.  188),  and 
whole  sheets  are  shoved  into  it 
through  the  slot  seen  on  top.  The 
ends  of  the  sheets  are  made  to 
overlap  each  other,  so  as  to  form 
a  closed  magnetic  circuit.  The 
core  loss  at  a  definite  voltage 
and  frequency  is  determined  by  a 
wattmeter  as  in  the  two  above- 
described  devices.  It  is  claimed 
that  small  samples,  made  from 
the  same  sheet,  may  show  differ- 
ences in  core  loss  of  over  10  per 
cent.  Therefore,  it  is  supposed 
te  be  more  reliable  to  test  complete  sheets;  besides,  no  time  is  lost  in 
making  samples. 

Instead  of  testing  whole  sheets,  some  manufacturing  companies 
actually  make  transformer  stampings  of  the  material  to  be  tested, 
build  a  regular  transformer  and  determine  its  core  loss. 

199.  Relation  between  Flux  Density  and  Voltage.  — The  results 
of  a  wattmeter  test  on  core  loss  are  usually  plotted  in  the  form  of  curves 
shown  in  Fig.  179;  the  curves  give  watts  loss  to  magnetic  densities 
as  abscissae.  These  densities  are  figured  out  from  the  applied  voltage 
E,  number  of  turns  s  in  the  magnetizing  coils,  and  the  cross-section 
of  the  core  under  test.  According  to  the  fundamental  equation  of 
alternating-current  apparatus  the  counter-e.m.f.  e  induced  by  the  flux 
in  the  magnetizing  coils  is 


Fig.   188.     The  Richter  drum  for  testing 
whole  sheets  of  iron. 


e  -  -^L.sfN.  10- 

V2 


(5) 


(see  proof  below),  where  N  is  the  maximum  value  (amplitude)  of  the 
magnetic  flux.     Substituting  in  this  formula  A B  in  place  of  N,  where 
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A  is  the  net  cross^section  of  the  iron  and  B  the  density,  also  substi- 
tuting for  2n  -*-  V2  its  value  4.44,  we  get 

e  -  4.44  sfAB  .  10~8 \     .     (6) 

In  this  formula  all  the  quantities  can  be  measured  directly,  except  the 
induction  B  and  the  counter-e.m.f .  e.  The  latter  is  equal  to  the  applied 
voltage  E,  less  the  ohmic  drop  in  the  magnetizing  coils,  see  formulae 
(7)  and  (8)  below.  Thus  the  only  unknown  quantity  is  Bf  which  can 
thus  be  calculated. 

Formula  (5)  is  deduced  as  follows:  The  instantaneous  value  of  the 
induced  e.m.f.,  according  to  the  fundamental  law  of  induction  (§  138), 
is  proportional  to  the  rate  of  change  in  flux  and  to  the  number  of  turns 
connected  in  series;  or 

•  -.^.10-f 
dt 

where  e'  and  N'  are  instantaneous  values  of  counter-e.m.f.  and  flux. 
If  the  applied  voltage  varies  according  to  the  sine  law,  the  flux  must 
also  follow  the  same  law,  so  that 

N'  =  N  Sin  2*  ft. 
Substituting  we  find 

e'  =  2nf$  N  Cos  2nft  .  10  "8. 

The  counter-e.m.f.  reaches  its  maximum  at  the  moments,  when  ft  = 
0,  1,  2,  3,  etc.;  its  value 

max.  e  =  2nfsN  .  10~8. 

Hence  the  effective  value  of  the  voltage 

which  is  identical  with  the  formula  (5). 

In  figuring  out  e  from  the  applied  voltage  E  it 
must  be  remembered  that  the  ohmic  drop  IR  has 
to  be  subtracted  from  E  geometrically  as  shown 
in  Fig.  189.  OA  is  the  vector  of  the  applied  volt- 
age E,  OB  is  the  current  /,  which  lags  behind  by  an 

0  angle  <f>.    This  angle  is  known  since 

Fig.  189.      Correc- 
tion for  the  ohmic  Qq-  1   _  J5_ 
drop  in  the  mag-  Ef 
netizing  winding.                             m 

where  W  is  the  wattmeter  reading.     Subtracting 

AC  =  IR  parallel  to  OB  we  get  the  counter-e.m.f.  OC  =  e.  which 
being  substituted  in  formula  (5)  permits  the  calculation  of  B.    Instead 
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of  actually  constructing  the  diagram,  e  can  be  determined  analytically. 
Thus,  from  the  triangle  OAC  we  have,  according  to  the  familiar 
trigonometrical  formula: 

e2  -  E2  +  PIP  -  2  E1R  Cos  <j» 

substituting  W  in  place  of  EI  Cos  <fi  gives: 

e2  -  E2  +  PIP  -2RW (7) 

In  practice  the  power  factor  Cos  <f>  is  quite  low;  therefore  the  angle 
BOC,  or  ACO,  may  be  assumed  =  90  degrees.  The  triangle  OCA 
becomes  a  right  one,  and  we  simply  have 


c2  -  E*  -  PIP 


(8) 


The  correction  in  the  form  (7)  must  be  used  when  ohmic  drop  is 
considerable;  expression  (8)  is  accurate  enough  for  many  practical 
purposes. 

200.  Analysis  of  Loss  Curves.  — The  curves  of  total  loss  plotted  as 
in  Fig.  179  may  be  analyzed  in  two  respects:  (a)  Hysteresis  loss  may 
be  separated  from  eddy  currents;  (b)  The  laws  may  be  determined 
according  to  which  both  losses  vary  with  magnetic  density. 

(a)  Separation  of  hysteresis  from  eddy  currents  is  made  on  the  basis 
of  the  fact  that  with  a  given  density  B  hysteresis  loss  varies  as  the 
frequency  /,  while  eddy-current  loss  varies  as  the  square  of  the  fre- 
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Fro.  100.     Separation  of  hysteresis  from  Eddy  currents 

quency;  see  equations  (1)  and  (3)  in  §§  188  and  189.  We  may  take  a 
value  of  density  B,  such  as  OA  in  Fig.  179,  and  plot  the  values  of  total 
loss  to  frequencies  as  abscissae,  —  line  OD  in  Fig.  190.    If  OC  is  drawn 
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tangent  to  OD  near  the  origin  0y  the  ordinates  of  OC  represent  watts 
hysteresis  loss;  the  residue  between  OC  and  OD  gives  the  eddy-current 
loss.  It  will  be  seen  that  the  first  increases  directly  as  the  frequency, 
the  second  as  the  square  of  frequency  (the  curve  being  a  parabola). 
At  low  frequencies  eddy-current  loss  is  negligible,  and  practically  all 
of  the  loss  is  due  to  hysteresis;  this  is  the  basis  for  the  above  construc- 
tion. The  same  construction  may  be  repeated  for  other  values  of  R, 
and  hysteresis  loss  separated  from  eddy  currents  throughout  the  entire 
range  of  the  curves  in  Fig.  179. 

(b)  The  exponent,  according  to  which  hysteresis  loss  varies  with  the 
flux  density ,  is  determined  in  the  following  way:  Assume  the  exponent 
of  B  in  the  formula  (1),  §  188,  to  be  unknown.  The  formula  may  be 
written  then  in  the  form 

W  -  alT 

where  a  is  a  constant  with  which  we  are  not  at  present  concerned. 
Taking  logarithms  of  both  sides  of  this  equation,  we  get 

log  W  «  log  a  +  n  .  log  B        (9) 

This  is  the  equation  of  a  straight  line  with  respect  to  log  W  and  log  B; 
the  unknown  exponent  n  is  equal  numerically  to  the  trigonometric 
tangent,  which  this  line  makes  with  an  axis  of  abscissae   (Fig.  191). 

Thus,  in  order  to  determine  n 
at  a  certain  frequency,  eddy- 
current  loss  must  first  be  sep- 
arated from  the  corresponding 
curve  in  Fig.  179.  The  rest  is 
then  replotted  to  a  logarithmic 
scale,  as  in  Fig.  191.  It  must 
give  nearly  a  straight  line;  the 
slope  of  this  line  gives  the 
exponent  n. 

log  B To    plot   this  line,   use  the 

slide-rule  scale   instead  of  the 
Fig.  191.    Determination    of    the   exponent  ordinary  one,  and  you  will  get 
according  to  which  iron  loss  varies  with  the  logarithmic     absciss®    and 
magnetic  density.  ,.      .  ...       .  , 

ordinates  without  any  cal- 
culation. Do  not  attempt  to  mark  the  origin;  with  the  logarithmic 
scale  it  is  at  minus  infinity.  All  that  is  needed  is  the  slope  n  of  the 
curve;  this  slope  is  independent  of  the  position  of  the  origin. 

In  some  cases  it  may  be  desired  to  accept  the  exponent  n  »  1.6  as 
correct,  and  merely  to  find  the  value  of  a,  in  other  words,  of  the  con- 
stant 17  in  formula  (1).     In  this  case  a  line,  having  the  slope  of  1.6,  is 
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drawn  as  closely  as  possible  through  the  experimental  points  (Fig. 
191).  The  coefficient  a  is  then  calculated  for  this  line  from  the  equa- 
tion (9). 

In  a  similar  way  it  may  be  checked  that  eddy-current  loss  increases 
as  the  square  of  magnetic  density.  Total  core  loss  increases  according 
to  a  power  between  1.6  and  2.  The  corresponding  exponent  may  be 
found  by  plotting  the  curves,  shown  in  Fig.  179,  to  a  logarithmetic 
scale,  without  first  separating  hysteresis  from  eddy  currents. 

201.  Magnetizing  Current  from  Wattmeter  Tests.  — When  per- 
forming a  core-loss  test  by  the  wattmeter  method,  the  data  for  the  mag- 
netization curve  of  the  sample  (Fig.  151)  are  incidentally  determined. 
Let  the  wattless  component  of  the  current,  in  a  test  like  the  one  shown 
in  Fig.  185,  be  v  Let  the  number  of  magnetizing  turns  be  8,  and  the 
length  of  the  magnetic  circuit  I  cm.  The  number  of  amj>ere-turns 
per  centimeter  length  is  a  function  of  the  density  B;  or 

v>^l  =  F(B) (10) 

The  factor  V2  is  introduced  because  the  ammeter  measures  the  effec- 
tive value  of  the  current,  while  the  density  calculated  from  the  formula 
(6)  corresponds  to  the  amplitude  of  the  magnetic  flux. 

The  value  of  magnetizing  current  is  needed  in  practice  for  the  deter- 
mination of  the  no-load  current  of  transformers^  for  which  the  iron 
under  test  is  intended  to  be  used.  It  is  interesting  to  note,  that  the 
necessary  excitation  per  pound  of  iron,  at  a  certain  density  and  fre- 
quency, may  be  given  in  "wattless"  watts,  instead  of  amperes. 
Namely,  the  cross-section  A  of  the  iron  circuit,  which  enters  in  the 
formula  (6),  may  be  represented  as  V  -5-  I,  where  V  is  the  volume  of  the 
bunch  of  laminations.    Thus  we  get 

V 
e  -  4.44  sf  .  j  B  .  10-". 

Multiplying  both  sides  of  this  equation  by  the  magnetizing  current 
\  we  obtain 

magnetizing  watts  -  e%  =  4.44  /  (~~J  V  .  B  .  I0r*, 

or,  magnetizing  watts 

per  unit  volume 

Substituting  8%/l  from  (10),  and  changing  the  constant  in  the  ratio 
of  the  specific  weight  of  iron,  we  get: 


Const.  X   ry) .  B  .  / 


magnetizing  watts      _  m  n 

>er  pound "  Const-  x  '  x  functl0n  rf  B' 
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This  equation  shows,  that  it  is  possible  to  plot  an  experimental  curve, 
which  gives  magnetizing  watts,  per  pound  of  sample  at  a  standard 
frequency,  as  a  function  of  magnetic  density  B. 

This  method  of  representing  magnetizing  current  is  very  convenient 
in  designing  transformers,  because  the  current  can  be  figured  imme- 
diately from  the  dimensions  of  the  core.  Or  else,  the  dimensions  of 
the  core  may  be  determined  under  the  condition,  that  magnetizing 
current  should  not  exceed  a  certain  per  cent  of  the  full-load  current. 

202.  EXPERIMENT  9-D.  —Determination  of  Iron  Loss  by 
the  Wattmeter  Method.  —  Any  of  the  devices  described  in  §  198  may 
be  used;  the  method  is  explained  in  §  199.  Arrange  the  electrical  con- 
nections as  in  Fig.  185;  begin  the  test,  if  possible,  with  B  as  high  as 
12,000  per  sq.  cm.,  and  gradually  reduce  the  voltage  and  the  density 
down  to  zero.  Read  volts,  amperes  and  watts.  Repeat  the  same  test 
with  other  frequencies,  taking  care  to  have  as  wide  a  range  of  frequencies 
as  possible.  Make  a  comparative  test  of  iron  loss  with  and  without  insu- 
lation between  the  laminations,  in  order  to  see  the  influence  of  eddy 
currents.  Perform  this  test  preferably  at  a  high  frequency,  where  the 
influence  of  eddy  currents  is  more  noticeable.  Before  leaving  the 
laboratory  measure  the  dimensions  of  the  magnetic  circuit,  and  count 
the  number  of  turns  in  the  magnetizing  coils.  Measure  the  resistance 
of  the  windings;  weigh  the  iron  tested. 

Report.  (1)  Plot  curves  of  total  loss  as  in  Fig.  179,  and  separate 
hysteresis  from  eddy  currents  as  in  Fig.  190.  Before  doing  this,  watt- 
meter readings  must  be  corrected  for  copper  loss;  values  of  magnetic 
density  B  are  calculated  as  in  §  199.  (2)  Determine  for  one  of  the 
curves,  the  exponent  according  to  which  the  total  loss,  or  the  hysteresis 
loss  alone,  varies  with  the  flux  density  (§  2006).  (3)  Show  by  an 
example  how  to  determine  exciting  ampere-turns  per  cubic  inch  at  a 
given  density.  (4)  Show  how  to  plot  a  curve  of  magnetizing  watts 
per  pound  of  iron,  at  a  given  frequency  (§  201),  and  explain  how  to 
use  this  curve  for  figuring  out  weight  of  iron  in  a  transformer.  The 
given  conditions  are:  in  a  transformer  of  P  kilowatts  the  magnetizing 
current  should  not  be  higher  than  p  per  cent  of  full  load  current,  and 
the  core  loss  not  greater  than  q  watts  per  pound.  (Give  a  numerical 
example.) 

HYSTERESIS    LOSS    BY   INTEGRATING    B-H   CURVE. 

203.  Hysteresis  loss  in  joules  or  watt-seconds,  per  cycle,  per  cubic 
unit  of  iron,  is  proportional  to  the  area  of  the  hysteresis  loop  (Fig.  161). 
The  magnitude  of  the  loss  depends  on  the  maximum  magnetic  density 
corresponding  to  the  points  M  and  Mx. 
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The  proof  Is  as  follows:  While  iron  is  undergoing  a  cycle  of  magne- 
tization, e.m.f.'s  are  induced  in  the  exciting  winding.  The  instan- 
taneous energy  supplied  by  the  exciting  circuit,  or  returned  to  it,  is 
ei.dt,  where  i  and  e  are  instantaneous  values  of  the  exciting  current 
and  of  the  induced  voltage;  dt  is  an  infinitesimal  element  of  time.  The 
total  energy  supplied  during  one  complete  cycle  is    - 


=  /  ie.dt  joules. 


According  to  the  fundamental  law  of  induction  we  have 

dt 

where  8  is  the  number  of  exciting  turns,  N  the  instantaneous  value  of 
the  flux.     Substituting  this  value  of  e,  we  get 

P  -  C(8i)dN  .  10-8. 
The  loss  per  cubic  unit  of  the  sample  under  test  is 

where  A  is  the  cross-section,  I  the  length  of  the  magnetic  circuit. 
Referring  to  Fig.  179,  the  expression  si/l  represents  magnetizing 
ampere-turns  per  unit  length,  or  the  abscissae  to  which  the  hysteresis 
loop  is  plotted;  dN/A  =  dB  is  the  differential  of  an  ordinate  of  the 
same  curve.  Thus  the  above  integral  is  reduced  to  the  familiar  for- 
mula of  analytical  geometry, 


/ 


xdy, 


which  represents  the  area  of  a  curve.  If  the  sample  undergoes  /  cycles 
of  magnetization  per  second,  we  have  hysteresis  loss  in  watts  per  cubic 
unit  =  /  X  (area  of  hyst.  loop)  X  10"8.  This  method  is  very  seldom 
used  in  practice  for  determining  hysteresis  loss,  because: 

(1)  It  is  tedious,  since  it  requires  a  complete  magnetization  curve 
to  be  taken  and  integrated  for  each  point  on  the  hysteresis  loss  curve. 

(2)  The  iron  is  undergoing  the  magnetizing  process  slowly,  while 
in  actual  machines  it  is  magnetized  and  demagnetized  many  times  per 
second.  There  are  indications  that  hysteresis  loss  is  somewhat  different 
in  the  two  cases. 
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(3)  Eddy-current  is  not  taken  into  account;  in  many  practical 
cases  the  designer  is  interested  to  know  not  the  hysteresis  loss  alone, 
but  the  total  iron  loss. 

Nevertheless,  the  method  is  interesting  from  a  theoretical  and  his- 
torical point  of  view;  it  is  desired  that  the  student  integrate  a  loop  in 
connection  with  dhe  of  the  reports  on  the  experiments  8-C  to  8-F. 


CHAPTER  X. 
PHOTOMETRY  OF  INCANDESCENT  LAMPS. 

204.  The  two  important  requirements  of  a  good  incandescent 
lamp  are:  high  efficiency  and  long  life.  These  requirements  are  to  some 
extent  contradictory,  since  high  efficiency  implies  heating  the  filament 
to  a  high  degree  of  incandescence;  while,  the  higher  the  temperature,  the 
shorter  the  life  of  the  filament.  Much  effort  has  been  devoted  to 
obtaining  higher  degrees  of  incandescence  than  is  possible  with  carbon, 
without  unduly  shortening  the  life  of  the  lamp.  The  outcome  of  this 
has  been  the  introduction  of  the  carbon  filament  "graphitized"  by  a 
special  process.  Incandescent  lamps  provided  with  such  filaments  are 
known  in  the  trade  as  metallized  filament,  or  "Gem"  lamps.  Simul- 
taneously with  this,  materials  other  than  carbon  have  been  tried;  so 
far  tungsten,  tantalum  and  osmium  filament  lamps  have  been 
developed  into  commercial  form.*  To  sum  up  the  progress  made  in 
the  last  few  years  it  is  sufficient  to  state,  that,  —  while  the  ordinary 
carbon  filament  lamp  consumes  at  least  3.1  watts  per  candle-power  and 
has  an  average  life  of  not  over  800  hours,  —  the  tungsten  filament 
lamp  consumes  only  1.25  watts  per  candle-power,  has  a  life  of  about 
1000  hours,  and  gives  a  better  quality  of  light. 

Instruments  for  measurement  of  candle-poioer,  or  luminous  intensity 
of  lamps,  are  called  photometers;  the  science  of  measuring  intensity 
and  distribution  of  light  is  generally  called  photometry. 

205.  Principles  of  the  Photometer.  — The  photometer,  most  widely 
used  in  practice  for  measuring  candle-power  of  incandescent  lamps, 
is  illustrated  schematically  in  Fig.  192;  its  construction  may  be  under- 
stood by  a  consideration  of  Figs.  193  and  194.  The  lamp  L\  to  be  tested, 
and  a  standard  lamp  L2  whose  candle-power  is  known,  are  placed  at 
the  ends  of  a  horizontal  bar.  This  bar,  or  the  photometer  bench,  as  it 
is  called,  usually  has  a  length  of  100  inches  or  250  cm.  The  lamps  are 
brought  up  to  their  normal  degree  of  incandescence,  and  a  screen  is 
placed  between  them.  This  screen  is  moved  back  and  forth  along  the 
bar  until  it  appears  equally  illuminated  on  both  sides.  According  to 
the  fundamental  law  of  optics,  the  intensity  of  illumination  decreases 

*  The  Nerost  lamp,  with  its  filaments  made  of  rare  earths,  also  belongs  to  the 
daas  of  Incandescent  lamps. 
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inversely  as  the  square  of  the  distance.    Thus  we  have,  when  the 
intensity  of  illumination  is  the  same  on  both  sides: 


Ji  +  J2  =  a2  +  V 


(A) 


where  J\  and  J%  denote  the  candle-power  of  the  lamps  in  the  horizontal 
direction,  and  a  and  b  are  their  distances  from  the  screen.  If  J2  is 
known,  J\  can  be  calculated. 

In  order  to  understand  clearly.,the  meaning  of  this  formula,  assume 
first,  that  both  lamps  are  of  the  same  candle-power;  it  is  evident  then 
that  they  must  be  placed  at  equal  distances  from  the  screen  in  order 
to  give  an  equal  illumination.  Now  suppose  that  one  of  the  lamps 
gives  four  times  more  light  than  the  other;  it  must  then  be  placed  at  a 


Photometer  Bench' 

Fig.  192.    Arrangement  of  parts  in  a  photometer. 


double  distance  from  the  screen  in  order  to  give  the  same  illumination. 
If  the  lamp  is  nine  times  stronger,  its  distance  from  the  screen  must  be 
three  times  greater  than  that  of  the  other  lamp.  Conversely,  knowing 
the  ratio  of  distances  at  which  two  lamps  give  an  equal  illumination  of 
the  screen,  the  ratio  of  their  candle-power  may  be  calculated  from 
formula    (A). 

The  photometer  screen,  introduced  in  its  simplest  form  by  Bunsen, 
consists  of  a  sheet  of  white  paper,  the  middle  part  of  which  is  made 
transparent  by  means  of  paraffine  or  stearine.  The  transparent  spot  is 
usually  given  the  form  of  a  star  (Fig.  192),  or  a  circle  (Fig.  195). 
Such  a  "  grease-spot,"  when  viewed  by  transmitted  light,  appears 
bright  against  a  dark  background,  as  shown  in  Fig.  195  to  the  right. 
On  the  contrary,  when  looked  at  by  reflected  light,  the  spot  appears 
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darker  than  the  rest  of  the  paper,  as  is  shown  to  the  left.  In  a  photo- 
meter the  screen  is  illuminated  simultaneously  from  both  sides;  the  side 
illuminated  stronger  appears  as  shown  to  the  left;  the  side  which 
receives  less  light  looks  as  is  shown  to  the  right.  When  illumination  is 
the  same  on  both  sides,  the  grease-spot  should  disappear,  as  shown 
by  the  middle  circle  in  Fig.   195.     In  reality,  it  does  not  disappear 


Fig.  li»4.     A  portable  photometer. 

altogether,  but  a  point  is  found  where  it  is  Feast  visible,  or  where  the 
contrast  between  the  spot  and  the  rest  of  the  screen  is  the  same  on  both 
sides.  This  position  is  that  of  an  equal  illumination;  here  the  distances 
from  both  lamps  are  measured,  and  the  luminous  intensity  of  the  lamp 
under  test  is  calculated  from  formula   (A). 

206.    Construction  of  a  Photometer.  —  The  screen  described  above 


Fir..  195.     Images  visible  on  a  photometer  screen. 

is  placed  in  a  "sight-box"  (Fig.  196)  which  excludes  all  light,  except 
that  coming  directly  from  the  lamps  under  comparison.  The  box  has 
openings  for  the  rays  of  light  coming  from  the  two  lamps,  and  an  open- 
ing in  front  through  which  the  observer  may  look.  The  box  is  shown 
with  part  of  its  walls  removed,  in  order  to  illustrate  its  construction. 
It  is  provided  with  two  mirrors,  so  that  the  observer  sees  both  sides 
of  the  screen  simultaneously.  This  makes  the  adjustment  much 
quicker  and  more  accurate,  than  if  he  had  to  look  at  the  sides  of  the 
screen  in  succession.  The  sight-box  is  mounted  on  a  rolling  carriage 
(Fig.  193)  or  simply  slides  along  the  photometer  bench  (Fig.  194). 
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Of  recent  years,  the  so-called  Leeson  disk  is  coming  into  use,  in  place 
of  the  original  Bunsen  grease-spot.  A  star  is  cut  out  of  a  rather  heavy 
paper,  and  is  pasted  between  two  sheets  of  thin  paper.  When  viewed 
by  transmitted  light,  the  star  naturally  appears  darker  than  the  rest 
of  the  paper.  When  viewed  by  reflected  light,  the  star  looks  lighter 
than  the  background,  because  it  reflects  more  light.  The  setting  is  the 
same  as  with  the  original  Bunsen  photometer.  The  sight-box  shown  in 
Fig.  196  is  provided  with  a  J^eeson  disk;  in  the  position  illustrated,  the 
screen  is  too  near  the  lamp,  to  the  left,  making  the  action  of  that  lamp 
preponderant.  The  sight-box  should  be  moved  to  the  right,  until 
the  two  images  in  the  mirror  become  identical,  though  the  star  does  not 
disappear  altogether  with  any  setting. 

The  necessary  electrical  connections  are  shown  in  Fig.  192.     Each 


Fig.  106.     A  Bunsen  sight-box. 


lamp  is  provided  with  a  rheostat  and  a  voltmeter.  The  latter  must 
be  read  very  carefully,  as  the  candle-power  of  the  lamp  depends  essen- 
tially on  the  voltage  at  its  terminals.  An  ammeter  is  provided  in  the 
circuit  of  the  lamp  under  test,  in  order  to  be  able  to  measure  its  power 
consumption.  .  The  rheostats  are  shown  in  Fig.  193  mounted  on  the 
columns  which  support  the  photometer  bench;  the  measuring  instru- 
ments are  placed  on  the  table. 

In  testing  an  incandescent  lamp,  it  is  usually  rotated  about  a  vertical 
axis,  because  the  amount  of  light  given  in  different  vertical  planes  is 
different.  The  result  thus  obtained  is  called  the  mean  horizontal  candle- 
poiver;  it  is  generally  accepted  in  practice  as  the  rating  of  an  incandescent 
lamp.  The  lamp  may  be  rotated  either  by  hand  or  by  an  electric 
motor;  a  rotator  is  shown  in  Fig.  193  to  the  right;  a  universal  rotator  is 
illustrated  separately  in  Fig.  197.  The  lamp  should  be  spun  at  a  speed 
of  about   180  r.p.m.:  at  lower  speeds,  flickering  is  noticeable  on  the 
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screen;  with  higher  speeds,  the  filament  is  deformed  by  centrifugal 

force  and  may  break. 

207.    Standard  Lamps. — The  practical  unit  of  luminous  intensity 

in  this  country  is  the  standard  candle.     Whatever  its  original  luminous 

value,  and  the  specifications 
for  preparing  such  a  standard 
candle,  at  present  it  has  be- 
come merely  a  fictitious  unit; 
strange  to  say,  it  is  defined  as 
100/88  of  the  German  unit. 
The  German  unit  of  candle 
power,  or  the  "  hefner,"  is  rep- 
resented by  a  special  lamp 
which  burns  a  liquid  called 
"  amyl  acetate."  The  di- 
mensions of  the  lamp,  the 
height  of  the  flame,  etc.,  are 
exactly  specified,  and  the 
standard  is  reproducible  with 
a  considerable  degree  of  ac- 
curacy. The  name  "  hefner" 
was  given  in  honor  of  the 
noted  German  electrician 
V.  Hefner-Alteneck  who  de- 
veloped the  amyl-acetate 
lamp. 

The  amyl-acetate  lamp  is 
used  at  present  as  the  pri- 
mary standard  only,  for 
calibrating  secondary  stand- 
ards. As  such,  well-seasoned 
exclusively.     An    incandescent 


Fio.  197.     The  Willy oung  universal  rotator, 
incandescent    lamps    are    used    most 


lamp,  selected  to  be  standardized,  is  first  seasoned  by  burning  —  say 
100  hours,  so  that  its  candle-power  becomes  constant.  Then  it  is 
compared  on  a  photometer  (as  in  Fig.  193)  with  an  amyl-acetate  lamp, 
or  with  another  incandescent  lamp  previously  calibrated  by  means  of  it. 
The  result  of  standardization  is  given  in  a  form  like  this:  the  lamp  gives 
at  106.7  volts  16  candle-power  in  the  horizontal  plane,  and  in  a  direction 
perpendicular  to  the  plane  of  the  filament;  the  current  consumption  is 
0.523  ampere.  The  lamp  must  be  used  as  a  standard  under  these 
conditions  only;  it  mav  be  relied  upon  as  long  as  the  current  remains 
the  same  at  the  stated  voltage.     When  working  for  a  long  time,  it  is 


Chap.  10]         PHOTOMETRY  OF  INCANDESCENT  LAMPS. 


289 


advisable  to  standardize  temporarily  other  lamps,  and  to  check  them 
from  time  to  time  against  the  first  standard.  It  is  customary  also  to 
have  standard  lamps  in  sets  of  three  and  to  check  them  from  time  to 
time  against  each  other. 

One  of  the  inaccuracies  in  measuring  candle-power  is  caused  by  dif- 
ferences in  color  of  the  light  given  by  the  standard  lamp  and  the  lamp 
under  test.  The  more  pronounced  the  difference  in  color,  the  more 
difficult  it  becomes  to  find  the  right  position  of  the  screen,  such  that 
the  contrast  is  the  same  on  both  sides.  It  is  advisable,  therefore,  to 
have  several  sets  of  standard  lamps,  each  set  calibrated  at  a  different 


Fig.  108.     Electric  and  photometric  characteristics  of  an  incandescent  lamp, 
with  varying  voltage. 


of   incandescence.     In  testing  a  lamp,  a    standard    lamp    is 
selected,  the  color  of  which  is  the  nearest  to  that  of  the  lamp  under  test. 

208.   EXPERIMENT  10-A.  —  Mean   Horizontal  Candle-Power 
and  Efficiency  of  an  Incandescent  Lamp,  with  Varying  voltage.  — 

The  apparatus  is  arranged  as  in  Figs.  192  and  193.  The  standard  lamp 
is  used  during  the  test  at  its  rated  voltage;  the  voltage  of  the  lamp  under 
test  is  varied  in  steps,  from  the  point  where  the  lamp  just  begins  to 
glow,  up  to  the  voltage  at  which  it  burns  out  (Fig.  198).  At  each  step 
the  position  of  photometric  balance  of  the  sight-box  is  read,  also  volts 
and  amperes.  In  setting  the  sight-box,  do  not  move  it  back  and  forth 
too  long,  trying  to  find  the  most  accurate  position  of  balance.  This 
tires  "the  eyes,  and  the    accuracy  of   setting  is  impaired  rather  than 
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increased.  Two  photometer  readings  must  be  taken  with  each  voltage, 
the  screen  being  reversed  for  the  second  reading.  This  is  necessary 
because  the  two  sides  of  the  screen  may  not  be  identical.  The  average 
of  the  two  settings  is*  taken  as  the  true  reading.  The  lamp  should  be 
rotated  in  vertical  position  during  the  test  (Fig.  197),  at  a  speed  of 
about  180  r.p.m. 

All  outside  light  must,  of  course,  be  excluded,  and  the  window-shades 
drawn.  A  small  lamp  operated  with  a  push-button  is  convenient  for 
reading  the  scale.  Up  to  a  very  recent  time,  it  has  been  considered 
necessary  to  have  the  walls  of  a  photometer  room  painted  black,  to  keep 
down  stray  reflected  light.  Mr.  E.  P.  Hyde  *  showed  conclusively, 
however,  that  this  precaution  is  not  necessary,  if  vertical  screens  of 
black  velvet  are  placed  on  the  photometer  bench,  in  such  positions  as  to 
make  it  impossible  for  reflected  light  to  get  into  the  sight-box. 

When  reading  the  ammeters,  have  the  voltmeter  circuit  open,  so  as 
not  to  read  the  current  flowing  through  it;  otherwise  a  correction  must  be 
made,  as  in  §  2.  When  reading  volts,  mark  also  the  quality  of  light 
of  the  lamp  under  test:  dull  red,  yellow,  white,  etc. 

Report.  Plot  to  terminal  volts  as  abscissae,*  the  curves  shown  in  Fig. 
198.  Candle-power  is  figured  out  from  sight-box  settings,  by  means  of 
the  formula  (A).  Let,  for  instance,  the  bench  be  300  cm.  long  between 
the  centers  of  the  lamps,  and  let  the  balance  be  obtained  at  the  division 
120,  counting  from  the  standard  16  candle-power  lamp.  The  distance 
from  the  lamp  under  test  is  (300-120)  cm.;  as  the  candle-power  is 
inversely  proportional  to  the  square  of  the  distances,  we  have  for  the 
candle-power  of  the  lamp  under  test: 

16(3g^_i2pj  =  16x225.36 

Tables  are  available  which  give  the  ratios  of  distances  squared  for 
various  settings  of  the  screen,  so  that  the  calculation  is  much  simplified. 
Some  photometers  have  a  scale  calibrated  in  candle-power  (Fig.  194); 
the  scale  is  direct-reading  if  a  16  candle-power  standard  lamp  is  used 
for  comparison;  otherwise  the  reading  must  be  correspondingly  in- 
creased or  reduced. 

Plot  first  the  curves  of  candle-power  and  amperes;  amperes  multiplied 
by  volts  will  give  the  watt-curve.  After  this  the  curve  giving  watts  per 
candle-power  may  be  plotted.  Ohms  are  calculated  as  a  ratio  of  volts 
to  amperes.  State  in  how  far  the  difference  in  color  of  the  two  lamps 
affected  the  accuracy  of  photometer  readings. 

*  See  Bulletins  of  Bureau  of  Standards,  Vol.  1,  No.  3,  p.  417. 
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209.  Life  and  Efficiency  of  Incandescent  Lamps.  — An  inspection 
of  the  curves  in  Fig.  198  shows  that  the  efficiency  of  an  incandescent  lamp 
increases  with  the  voltage  at  its  terminals;  in  other  words,  watts  input 
per  candle-power  decreases.  It  may  be  stated  here,  that  the  latter  ex- 
pression is  called  the  specific  consumption  ^>f  the  lamp;  some  prefer  to 
use  its  reciprocal  (candle-power  per  watt)  which  is  called  the  efficiency 
of  the  lamp.  The  use  of  the  term  "efficiency  "  is  to  be  considered  as 
special  in  this  case,  and  should  not  be  confused  with  per  cent  efficiency, 
as  ordinarily  applied  to  machinery. 


Candle  Pn^fI 

1 

9 

Watf.                                        ^ 

Watts  per  Candle_P22SJ — 

Hoars 

Via.  199.     Decrease  of  candle-power  of  an  incandescent  lamp  with 
hours  of  service. 


It  is  desirable  to  use  lamps  at  as  high  an  efficiency  as  possible,  provided 
their  life  is  not  thereby  shortened  beyond  a  certain  limit.  For  each  class 
of  incandescent  lamps,  there  is  a  limit,  above  which  an  increase  in  effi- 
ciency is  more  than  outweighed  by  a  shortened  life,  causing  an  additional 
expense  in  renewals.  The  useful  life  of  an  ordinary^  carbon-filament 
lamp  is  considerably  shorter  than  its  total  life  (until  the  filament  is 
burned  out).  This  is  illustrated  in  Fig.  199.  After  a  certain  number 
of  hours  of  burning,  the  candle-power  of  the  lamp  begins  to  drop, 
chiefly  on  account  of  the  bulb  becoming  blackened  on  the' inside.  The 
filament  also  becomes  thinner,  its  resistance  increases,  and  the  power 
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taken  by  the  lamp  decreases.  But  the  decrease  in  candle-power  is 
much  more  pronounced  than  the  decrease  in  power  consumption;  the 
result  is,  that  the  specific  consumption,  or  watts  per  candle-power,  is 
gradually  increasing.  At  a  certain  point,  say  where  the  candle-power 
is  reduced  to  about  80  per  cent  of  the  original,  it  is  usually  cheaper  to 
discard  the  lamp  and  to  buy  a  new  one,  than  to  pay  for  an  increased 
specific  consumption.  This  point  is  called  the  "smashing"  point  of 
the  lamp.  Methods  have  been  developed  for  replacing  filaments,  so 
that  lamps  are  no  longer  "smashed  "  but  sold  to  factories  making  a 
specialty  of  renewing  them.  To  renew  the  filament,  the  bulb  is  opened 
at  the  tip  and  the  old  filament  taken  out;  then  the  bulb  is  washed  out, 
and  a  new  filament  inserted  in  place  and  soldered  to  the  leads.  The 
air  is  again  exhausted,  and  the  tip  sealed. 

Ordinary  carbon-filament  lamps  may  be  had  with  a  specific  con- 
sumption of  from  3  to  4  watts  per  mean  horizontal  candle-power.  The 
value  of  the  specific  consumption  is  selected  according  to  the  purpose  for 
which  the  lamp  is  to  be  used,  and  with  regard  to  the  cost  of  power.  Low- 
efficiency  lamps  have  a  longer  life,  are  less  sensitive  to  voltage  fluctua- 
tions, but  consume  more  power,  and  give  a  yellowish  light.  High- 
efficiency  lamps  require  a  very  good  voltage  regulation,  or  their  life  is 
much  shortened;  they  are  more  economical,  and  give  a  light  more  closely 
resembling  daylight.  The  tungsten  lamp,,  which  seems  to  be  the  incan- 
descent lamp  of  the  future,  not  only  has  a  much  lower  power  consump- 
tion than  the  carbon-filament  lamp,  but  it  preserves  its  candle-power 
better  until  the  filament  is  burned  out.  In  addition  to  this,  the  tung- 
sten lamp  is  less  sensitive  to  voltage  fluctuations,  because  the  resis- 
tance of  tungsten  increases  with  temperature. 

Lamps  are  tested  and  rated  in  factories  according  to  their  voltage, 
candle-power,  and  specific  consumption.  It  is  not  sufficient  to  deter- 
mine that  a  lamp  gives  16  candle-power  at  110  volts;  its  specific 
consumption  per  candle-power  must  be  near  a  desired  figure,  say  3.5 
watts;  if  it  is  different,  the  lamp  is  allotted  to  another  class.  For  such 
measurements,  involving  a  simultaneous  determination  of  candle-power 
and  of  specific  consumption,  Messrs.  Hyde  and  Brooks  have  developed  an 
ingenious  "  Efficiency  Meter  for  Incandescent  Lamps."  The  arrange- 
ment consists  in  the  combination  of  an  ordinary  photometer  and  an 
indicating  wattmeter.  A  variable  resistance  is  connected  into  the 
potential  circuit  of  the  wattmeter,  and  is  regulated  automatically  by 
the  movement  of  the  sight-box  carriage.  The  adjustment  is  such,  that 
with  a  standard  16  candle-power  lamp,  the  wattmeter  reads  directly 
the  specific' consumption  of  the  lamp  under  test  when  photometric 
balance  is  obtained.    At  the  same  time  the  candle-power  of  the  lamp 
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is  read  on  the  photometer.  The  device  will  be  of  convenience  in  places 
where  a  large  number  of  lamps  are  regularly  tested,  rated  and  assorted. 
For  details  of  this  apparatus  see  Bulletins  of  the  Bureau  of  Standards, 
Vol.  2,  No.  1,  p.  45. 

210.    EXPERIMENT  10-B.  —Influence  of  the  Blackening  of  the 
Bulb  on  Candle-Power  and  Efficiency  of  Incandescent  Lamps.  — 

The  useful  candle-power  of  incandescent  lamps  decreases  with  time,  due 
to  the  bulb  being  gradually  blackened  on  the  inside  by  a  deposit  of  the 
material  of  the  filament.  It  would  not  be  expedient  to  test  in  the  labora- 
tory lamps  blackened  during  the  regular  service,  as  it  takes  several  hun* 
dred  hours  to  produce  an  appreciable  effect.  To  show  the  student  the 
blackening  effect,  it  may  be  obtained  in  a  few  minutes  by  subjecting  the 


Fig.  200.     The  path  of  rays  in  a  Lummer-Brodhun  sight-box. 

lamp  to  an  over-potential.  Take  a  few  new  lamps  and  determine  their' 
candle-power  at  the  rated  voltage,  as  in  §  209.  Then  subject  each  of 
them  to  various  voltages  above  the  normal  and  for  different  periods  of 
time.  When  the  current  is  turned  off,  the  blackening  is  noticeable  by 
holding  a  sheet  of  white  paper  behind  the  lamp.  Get  different  degrees  of 
blackening,  and  test  lamps  again  for  their  candle-power  and  power 
consumption.  This  will  give  an  idea  of  what  takes  place  in  a  prolonged 
regular  service  at  the  normal  voltage* 

21 1 .  The  Lummer-Brodhun  Sight-Box.  —  This  sight-box  is  shown 
on  the  carriage  in  Fig.  193;  a  horizontal  cross-section  of  the  same  is  shown 
in  Fig.  200.  It  was  expected  by  the  inventors  that  a  greater  accuracy 
could  be  obtained  with  a  purely  optical   combination   than  with  a 
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grease-spot.  Many  practical  photometricians  claim,  however,  that 
nearly  as  good  results,  at  least  for  ordinary  purposes,  are  obtained  with 
an  ordinary  Bunsen  sight-box,  especially  if  provided  with  a  Leeson 
disk.  At  the  same  time,  the  Bunsen  sight-box  is  considerably  less  ex- 
pensive, and  does  not  so  much  tire  the  observer's  eyes,  because  both 
eyes  are  used  simuHtoneously.  As,  however,  the  Lummer-Brodhun 
sight-box  is  used  to  a  considerable  extent  for  photometrical  work  of 
precision,  and  when  the  colors  of  the  two  lamps  under  comparison 
are  different,  a  description  of  this  sight-box  seems  not  to  be  out  of 
place  here. 

Two  lamps  under  comparison,  L\  and  L2  (Fig.  200),  illuminate  an 
opaque  diffusing  screen  S,  whose  coefficient  of  absorption  is  as  low  as 
possible.  The  light  diffused  from  the  two  sides  of  this  screen  is 
reflected  by  the  mirrors  m\  and  m2  and  reaches  the  observer's  eye  at  0 
through  the  prisms  p\  and  p2.     In  the  better  grade  of  instruments, 


Fio.  201.     Images  visible  in  a  Lummer-Brodhun  sight-box,  with 
a  contrast  attachment. 


totally  reflecting  prisms  are  used  in  place  of  the  mirrors  mx  and  m2. 
The  prisms  p\  and  p2  are  made  of  such  a  shape,  that  the  observer  sees 
the  figure  shown  in  Fig.  195.  The  inner  circle  corresponds  to  the 
light  transmitted  from  the  left  side  of  the  screen  S;  the  outside  circle 
is  caused  by  the  illumination  of  the  right  side  of  S,  the  rays  undergoing 
a  total  reflection  from  the  hypothenuse  surface  of  p1#  The  sight-box  BB 
is  moved  along  the  bench  until  the  difference  in  illumination  disappears, 
as  in  the  middle  circle,  Fig.  195;  or  at  least  is  reduced  to  a  minimum. 
To  take  into  account  a  possible  inequality  in  the  diffusing  power  of  the 
two  sides  of  the  screen  S,  the  box  may  be  turned  by  180  degrees  about 
the  axis  x-y,  and  a  second  reading  taken. 

The  accuracy  of  setting  is  increased  by  using  the  so-called  composite 
sight  field  (Fig.  201).  The  trapezoids  visible  in  the  field  are  caused  by 
corresponding  figures  being  cut  out  on  the  hypothenuse  surface  of  the 
prism  p2.  The  left  semicircle  and  the  right  trapezoid  show  the  illu- 
mination of  the  left  side  of  the  screen  S;  the  rest  of  the  field  is  illuminated 
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by  the  light  diffused  from  the  right  side  of  the  same  screen.  The  sight- 
box  is  moved  along  the  bench  until  the  field  becomes  as  nearly  as 
possible  uniform. 

When  the  lights  to  be  compared  are  of  different  color,  for  instance, 
an  incandescent  lamp  and  a  Nernst  lamp,  the  figures  in  the  sight  field 
do  not  disappear  with  any  setting.  In  such  cases,  the  difference  is 
artificially  increased,  by  applying  the  so-called  contrast  principle. 
This  is  done  by  interposing  thin  strips  of  glass  so  as  to  slightly  darken 
one-half  of  the  beam  of  light  from  each  source.  The  strips  are  placed 
on  the  prisms  p\  and  p2>  on  the  sides  exposed  to  the  light.  Under  such 
conditions,  the  composite  field  appears  as  is  shown  in  Fig.  201,  all  four 
parts  being  of  different  shade.  When  the  illumination  is  balanced,  the 
field  appears  as  in  the  middle  figure;  the  trapezoids  do  not  disappear, 
but  the  contrast  between  them  and  the  background  is  the  same  on  both 
sides.  The  dividing  line  usually  does  not  disappear  altogether;  in 
setting  the  screen,  the  observer  should  try  to  obtain  an  equal  contrast  on 
both  sides,  and  not  pay  any  attention  to  the  dividing  line.  Lights  of 
different  color  can  be  compared  more  accurately  by  this  method  than 
with  a  uniform  sight  field. 

212.  Flicker  Photometer.  — The  contrast  principle  described  above 
offers  but  a  partial  remedy  in  cases  where  there  is  a  considerable  dif- 
ference in  color  between  two  lights  to  be  compared.  Thus  most  people 
would  hot  be  at  all  able  to  compare  the  greenish  light  of  a  mercury 
vapor  lamp  with  a  yellowish  incandescent  standard.  Professor  O.  N. 
Rood  was  the  first  to  point  out  that  the  accuracy  of  photometric  com- 
parison is  much  increased  by  examining  the  two  surfaces  of  the  screen 
in  rapid  succession,  instead  of  simultaneously,  as  in  the  photometers 
described  above.  Photometers  built  on  this  principle  are  called  flicker 
photometers;  the  principle  may  be  understood  with  reference  to  Fig. 
202.  Let  m\  and  m2  be  two  identical  mirrors  mounted  on  the  shaft  s 
and  rotated  by  the  handle  A.  The  mirror  mi  is  mounted  so  as  to  give 
the  observer  the  image  of  the  lamp  L\\  the  mirror  m2  (when  in  the 
dotted  position)  gives  the  image  of  the  lamp  L2.  When  viewing  the 
revolving  mirrors  through  a  translucent  screen,  the  observer  receives 
alternate  impressions  from  both  lamps.  When  the  speed  of  rotation  is 
very  low,  he  sees  intermittent  light;  at  very  high  speed  the  light  appears 
continuous,  because  of  the  so-called  persistence  of  vision.  Between 
these  two  limits,  there  is  a  range  of  speed  at  which  the  light  appears  to 
flicker,  without  being  completely  extinguished.  When  the  mirrors  are 
rotated  at  this  speed,  the  flickering  is  more  pronounced,  the  greater  the 
difference  in  the  luminous  intensities  of  the  lamps  under  comparison. 
As  the  intensities  become  nearer  each  other,  the  flickering  sensation 
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gradually  disappears.  Experiment  shows,  that  the  effect  is  to  a  large 
extent  independent  of  the  difference  in  color  between  the  two 
lights  * 

Various  flicker  photometers  have  been  constructed  on  this  principle: 
one  of  the  latest  is  that  by  Franz  Schmidt  and  Haensch  (Zeitschrift 
fur  Instrumentenkunde,  1906,  p.  249).  The  optical  system  in  this 
photometer  is  such  that  when  the  revolving  part  is  at  rest,  the  field  of 
vision  appears  as  shown  to  the  left  in  Fig.  195.  Turning  one  of  the 
prisms  of  the  system  by  180  degrees  changes  the  field  of  vision  to  that 
shown  to  the  right;  the  lamp  which  gave  the  inside  circle  is  now  made 
to  illuminate  the  outside  circle.     When  the  prism  is  revolved  at  the 
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Fig.  202.     Essential  parts  of  the  flicker  photometer. 

critical  speed  of  flickering,  the  circles  exchange  their  shades  constantly, 
and  a  pronounced  phenomenon  of  flickering  is  produced.  The  sight- 
box  is  moved  until  flickering  disappears,  and  the  whole  field  looks 
uniform,  as  in  the  central  figure.  It  is  important  to  have  the  right 
speed  of  rotation,  particularly  with  lights  of  markedly  different  colors. 
The  speed  must  be  such,  that  when  the  setting  is  approximately  correct, 
the  field  of  vision  appears  in  a  uniform  mixture  of  color  of  the  two 
sources,  and  flickering  is  caused  only  by  differences  in  the  intensity  of 
illumination.  Then  the  final  setting  is  made  by  reducing  this  flicker- 
ing to  a  minimum. 

*  In  actual  flicker  photometers,  diffusing  screens  are  used  in  place  of  mirrors. 
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It  is  claimed  that  with  a  good  flicker  photometer,  lights  widely 
different  in  color  may  be  compared  with  nearly  the  same  accuracy  that 
lamps  of  equal  color  are  compared  with  ordinary  photometers. 

213.  EXPERIMENT  10-C.  —  Photometric  Comparison  of  Lights 
of  Different  Color.  —  There  is  difficulty  in  comparing  two  lights  of 
different  color  with  an  ordinary  Bunsen  photometer  screen,  since  the 
screen  does  not  appear  equally  illuminated  on  both  sides  in  any  position 
of  the  sight-box,  —  with  the  result  that  different  observers  are  apt  to  give 
entirely  different  settings.     Better  results  are  obtained  with  the  con- 


Fig.  308.     Photometric  carve  of  an  incandescent  lamp  and  the  corresponding 
Rousseau  diagram. 


trast  photometer  (§  211),  and  still  better  with  the  flicker  photometer 
(§212).  The  purpose  of  this  experiment  is  to  show  the  student  the 
accuracy  obtainable  in  various  cases. 

Take  two  incandescent  lamps,  bring  them  up  to  such  voltages  as  to 
get  nearly  the  same  color  of  light;  compare  the  lamps  by  means  of  an 
ordinary  Bunsen  screen,  and  determine  per  cent  accuracy  of  setting. 
Now  take  two  incandescent  lamps  having  a  markedly  different  color 
(different  degree  of  incandescence)  and  determine  the  accuracy  with 
which  they  can  be  compared  with  the  same  photometer.  After  this 
compare  lamps  still  more  different, — for  instance,  a  Nernst  lamp  and 
an  incandescent  lamp.  If  desired,  a  greater  difference  in  color  may  be 
obtained  by  taking  in  succession  an  arc  lamp,  a  mercury  vapor  lamp, 
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etc.,  and  comparing  them  with  an  incandescent  lamp.  In  each  case  pay 
particular  attention  to  the  accuracy  with  which  the  setting  can  be 
made.  Now  repeat  the  same  tests  with  a  Lummer-Brodhun  contrast 
photometer,  and  finally  with  a  flicker  photometer.  You  will  find  that 
considerably  more  accurate  settings  are  possible  with  these  devices. 

DISTRIBUTION    OF    LIGHT    AND   MEAN   SPHERICAL   INTENSITY. 

214.  An  incandescent  lamp  gives  different  illumination  in  different 
directions.  Differences  are  particularly  pronounced  in  the  vertical 
plane  (Fig.  203).  The  radii  of  the  oval  curve  give  luminous  intensities 
in  the  corresponding  directions,  the  horizontal  radius  being  equal  to 
16  candle-power.  The  form  of  the  curve  depends  essentially  on  the 
form  of  the  filament  of  the  lamp. 

Such  a  curve  of  distribution  of  light  around  a  lamp  may  be  obtained 
with  an  ordinary  photometer,  by  having  the  lamp  mounted  on  a  univer- 
sal rotator,  such  as  shown  in  Fig.  197.  The  rotator  is  driven  by  a  belt 
from  an  electric  motor.  The  axis  of  rotation  may  be  set  at  any  desired 
angle  with  the  vertical,  in  steps  of  5  degrees.  In  this  way  the  mean 
candle-power  may  be  determined  in  any  desired  direction;  the  results 
plotted  as  radii  give  the  curve  shown  in  Fig,  203.  Angles  are  read  on 
the  dial  D.  A  positive  pin-clutch  B  catches  the  frame  of  the  rotator 
at  each  desired  angle.  The  rotator  has  an  additional  pair  of  brushes 
C  for  voltmeter  leads;  in  this  way  voltage  is  measured  at  the  terminals 
of  the  revolving  lamp,  independent  of  the  contact  resistance  of  the 
main  brushes. 

215.  Mean  Spherical  Candle-Power.  -?— An  examination  of  the 
distribution  curve  in  Fig.  203  shows  that  a  lamp  rated  at  16  candle- 
power,  in  reality  gives  considerably  less  than  16  candles  in  directions 
other  than  horizontal.  In  many  cases  a  lamp  is  intended  to  throw 
useful  light  downward;  it  will  be  seen  that  a  lamp  with  a  nominal  rating 
of  16  candle-power  gives  only  between  6  and  7  candle-power  in  the 
vertical  direction  (unless  it  is  provided  with  a  reflector).  This  fact  is 
appreciated  more  and  more  by  illuminating  engineers,  and  a  feeling  is 
growing  that  lamps  should  be  rated  on  the  basis  of  their  mean  spherical 
candle-power,  and  not  mean  horizontal,  or  maximum  candle-power.  The 
mean  spherical  candle-power  is  indicated  in  Fig.  203  by  a  circle;  it  will 
be  seen;  that  it  is  only  13  candle-power,  instead  of  16  candle-power. 

The  ratio  of  the  mean  spherical  to  the  mean  horizontal  candle-power 
is  called  the  spherical  reduction  factor  of  the  lamp.  In  the  case  shown, 
the  spherical  reduction  factor  is  equal  to 

7?  -  0.81. 
16 
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Knowing  the  spherical  reduction  factor  for  a  certain  type  of  filament, 
the  mean  spherical  candle-power  can  *be  calculated  from  the  observed 
horizontal  candle-power;  this  makes   unnecessary  taking  a  complete 
distribution  curve. 
Mean  spherical  candle-power  may  be  determined  in  two  ways: 

(1)  By  calculation,  from  the  distribution  curve. 

(2)  By  means  of  integrating  photometers. 

These  two  methods  will  now  be  considered  more  in  detail. 

216.  Rousseau  Diagram.  — The  mean  spherical  candle-power  id 
calculated  in  the  following  way  from  the  distribution  curve  shown  in 
Fig.  203.  Let  J  be  the  luminous  intensity  or  the  candle-powei  of  the 
lamp  in  a  certain  direction.  Imagine  a  sphere  of  radius  R  around  the 
lamp  and  let  ds  be  an  infinitesimal  element  of  the  surface  of  the  sphere. 
We  then  have 

4nIP  .  J«  =    fj.ds (1) 

where  4nR?  is  the  surface  of  the  "reference  sphere,"  and  J*,  is  the 
unknown  mean  spherical  candle-power  of  the  lamp.  The  equation  (1) 
expresses  the  condition  that  the  actual  "flux  of  light  "  is  the  same 
as  if  the  intensity  were  uniform  in  all  directions  and  were  equal  to  «/m,. 
When  the  distribution  curve  is  obtained  with  a  rotator,  each  intensity 
J  at  an  angle  0  is  the  same  for  an  infinitesimal  zone  of  the  reference 
sphere.  The  area  of  the  zone  is  equal  to  its  circumference  times  the 
width;  thus 

d»  -  2nR  Sin  0  .  R  dd. 

Substituting  in  (1)  we  get 

4*/?'./.,-    f\/.27rJRSin0.fid0, 
«/o 

or 

^  J  Sin  O.dO  (2) 


'-'fj 


The  mean  spherical  intensity  J^  may  be  calculated  from  this  expres- 
sion by  dividing  the  distribution  curve  into  small  parts,  say  corre- 
sponding to  5  degrees,  and  summing  up  elementary  products  J  .  Sin  0. 
Let  180  degrees  be  divided  into  n  parts;  dd  must  be  replaced  by  a 
finite  increment  A0  =  tz  -*•  n,  and  summation  used  for  integration. 
We  obtain: 

J~  =  7rl?  ^SinO (3) 
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The  expression  (2)  may  also  be  integrated  by  means  of  a  planimeter, 
if  the  distribution  curve  be  replotted  in  rectangular  coordinates,  as 
shown  in  Fig.  203,  to  the  right;  this  is  the  so-called  Rousseau  diagram. 
A  vector,  such  as  J,  is  produced  to  its  intersection  with  the  reference 
sphere;  the  point  thus  obtained  is  projected  on  the  vertical  axis  of 
abscissae  of  the  Rousseau  diagram,  and  the  same  J  plotted  as  the 
ordinate.  The  mean  ordinate  of  the  Rousseau  diagram  gives  directly 
the  mean  spherical  intensity  of  the  lamp.  This  can  be  proved  as  fol- 
lows: The  abscissae  of  the  new  curvfe,  counted  from  the  middle  point 
(latitude  of  90  degrees),  are  equal  to  R  .  Cos  0;  the  ordinates  represent 
the  values  of  J.    Thus,  the  area  of  the  curve  is 


fW  J  .  d  (R  Cos  0)  -  -  R  fW  J  Sin  0 

«/0  t/0 


d0. 


This  expression,  save  for  the  factor  2/2,  is  the  same  as  formula  (2). 
Thus,  in  order  to  find  the  mean  spherical  intensity,  the  area  of  the 
Rousseau  diagram  must  be  divided  by  its  length  272.  The  process  is 
evidently  the  same  as  in  finding  the  mean  ordinate  of  a  curve;  this 
proves,  that  mean  spherical  intensity  is  represented  by  the  mean 
ordinate  of  Rousseau  diagram. 

217.  EXPERIMENT  10-D.  —  Mean  Spherical  Intensity  of  an 
Incandescent  Lamp  from  its  Curve  of  Distribution  of  Light.— 

The  lamp  to  be  tested  is  mounted  on  a  universal  rotator  (Fig.  197)  and 
compared  to  a  standard  lamp  by  means  of  the  photometer  shown  in 
Fig.  193.  At  first  the  lamp  is  rotated  about  a  vertical  axis;  then  the 
position  of  the  axis  is  changed  every  five  or  ten  degrees  throughout  the 
range  of  180  degrees.  After  this,  the  rotator  must  be  stopped,  the 
lamp  brought  in  its  original  position,  and  the  luminous  intensity 
determined  in  various  meridians.  As  such,  select  the  plane  of  the 
filament,  the  plane  perpendicular  to  it,  and  a  few  intermediate  vertical 
planes. 

The  same  lamp  should  be  tested  with  the  bulb  frosted.  Frosting 
is  done  by  dipping  the  lamp  while  warm  into  the  so-called  frosting 
compound  (can  be  obtained  from  lamp-dealers).  This  gives  only  a 
temporary  frosting,  but  is  sufficient  for  the  purpose;  the  compound  can 
be  washed  off  with  alcohol.  Permanent  frosting  is  obtained  by  sand- 
blast or  by  dipping  the  bulb  in  hydro-fluoric  acid.  The  same  experiment 
may  be  repeated  with  a  lamp  having  a  decidedly  different  form  of 
filament;  also  with  tantalum,  tungsten  and  Nernst  lamps. 

Report.  Plot  curves  of  distribution  of  mean  luminous  intensity  in 
the  vertical  plane,  as  in  Fig.  203;  also  curves  of  distribution  of  candle- 
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• 
power  in  the  horizontal  plane.  Figure  out  the  mean  spherical  inten- 
sity for  one  of  the  lamps  by  means  of  the  Rousseau  diagram;  for  another 
lamp  by  using  the  formula  (3).  Calculate  the  corresponding  values  of 
spherical  reduction  factor.  Discuss  differences  in  the  distribution  of 
light,  due  to  differences  in  the  form  of  filaments. 

INTEGRATING    PHOTOMETERS. 

218.  The  above  procedure  for  determining  the  mean  spherical  candle- 
power,  by  taking  a  curve  of  distribution  of  light  and  integrating  it,  has 
an  obvious  disadvantage  of  being  rather  tedious  for  practical  purposes. 
Considerable  effort  has  been  devoted,  therefore,  of  recent  years,  to  the 
development  of  "  integrating  photometers,"  by  means  of  which  the 
mean  spherical  intenrity  of  a  lamp  is  determined  in  one  reading.  Of 
the  various  types  of  such  photometers,  two  are  here  described,  which 
are  particularly  suitable  for  testing  incandescent  lamps.  Some  other 
types  are  described  in  S  239  in  connection  with  photometering  arc 
lamps. 

219.  Matthews9  Integrating  Photometer,  —  The  photometer  is 
shown  schematically  in  Fig.  204,  in  elevation  and  in  plan.  The  rays  from 
the  lamp  L\  under  test  are  reflected  by  means  of  two  sets  of  mirrors  mm 
on  an  ordinary  Bunsen  or  Lummer-Brodhun  photometer  screen.  The 
screen  is  illuminated  on  the  other  side  by  the  standard  lamp  L2.  The 
mirrors  being  placed  along  a  semicircle,  the  screen  is  illuminated  simul- 
taneously by  the  rays  of  the  lamp  L\  coming  from  different  directions. 
The  photometer  screen  is  stationary;  the  standard  lamp  is  moved  along 
the  bench  until  a  photometric  balance  is  obtained.  The  lamp  under 
test  is  rotated  on  its  vertical  axis  as  in  §  206.  The  setting,  gives  directly 
the  mean  spherical  intensity  of  the  lamp  under  test,  according  to  the 
formula 

J«  =  Const.  -^ , 

where  J 2  is  the  horizontal  intensity  of  the  standard  lamp,  and  D  the 
distance  between  the  standard  lamp  and  the  screen.  The  constant  is 
determined  experimentally  by  using  a  lamp  Lx  whose  mean  spherical 
intensity  has  been  previously  determined  by  integration  (§  217). 

The  following  is  the  proof  that  the  illumination  on  the  left  side  of 
the  photometer  screen  is  proportional  to  the  mean  spherical  intensity 
of  the  lamp  L\.  According  to  equation  (3)  the  mean  spherical  intensity 
consists  of  elementary  products  J.  Sin  0,  the  mean  illumination  J  of 
various  zones  being  reduced,  or  "weighed"  in  proportion  to  the  areas 
of  the  corresponding  zones.    This  is  exactly  the  reduction  of  illumina- 
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tion  obtained  with  the  disposition  of  mirrors  in  Fig!  204%  The  light 
from  the  mirror  at  a  latitude  of  (90°  —  0)  is  incident  on  the  screen 
at  an  angle  of  (90°  —  0).  According  to  the  so-called  Lambert's  law 
of  optics,  the  illumination  on  a  diffusing  surface  varies  as  the  cosine  of 
the  angle  of  incidence.  Therefore  the  illumination  produced  on  the 
screen  by  the  above  mirror,  is  proportional  to  J .  Cos  (90°  —  0 ),  or  to 
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Fig.  204.     The  principle  of  the  Matthews  integrating  photometer  for 
incandescent  lamps. 

J  .  Sin  0.  Thus,  the  total  amount  of  illumination  from  all  the  mirrors 
is  proportional  to^  J  .  Sin  0,  or,  according  to  equation  (3),  is  pro- 
portional to  the  mean  spherical  intensity  of  the  lamp. 

220.  Ulbricht's  I  ntegrating  Photometer. — The  principle  on  which 
this  photometer  is  built  (Fig.  205)  was  discovered  independently  by 
Blondel  in  France  and  Ulbricht  in  Germany.*    The  photometer  con- 

*  Bulletins  de  la  SocieU  Internationale  des  Eleetriciens,  1904,  p.  687.  ElektroUchr 
niache  ZeitschHft,  1905,  pp.  512  and  1047;  1906,  p.  50. 
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sists  of  a  large  opaque  sphere  painted  inside  in  diffusing  white.  The 
lamp  L\  under  test  is  placed  somewhere  within  the  sphere  (not  neces- 
sarily in  the  center) ;  a  small  opening,  covered  with  a  translucent  screen 
px  is  provided  in  the  sphere.  This  screen  is  illuminated  by  the  dif- 
fusedly  reflected  light  of  the  whole  sphere,  but  is  protected  from  the 
lamp  by  a  small  opaque  screen  q.  The  illumination  of  p  is  proportional 
to  the  mean  spherical  intensity  of  the  lamp  L\,  and  is  balanced  against 
a  standard  lamp  L2,  as  in  any  ordinary  photometer.  The  same  formula 
is  used  which  is  given  above  for  the  Matthews'  photometer.  The 
constant  of  the  instrument  is  determined  experimentally  by  placing 


Fio.  205.     General  arrangement  of  the  Ulbricht  integrating  photometer. 

in  the  sphere  a  lamp  whose  mean  spherical  candle-power  has  been 
determined  by  integration,  as  in  §  217. 

We  give  here  a  proof  that  the  illumination  of  the  screen  p  is  pro- 
portional to  the  mean  spherical  intensity  of  the  lamp  Lx.  Assume  first, 
for  the  sake  of  simplicity,  that  Lx  is  placed  in  the  center  of  the  sphere, 
and  consider  the  illumination  of  an  element  ds  of  the  surface  of  the 
sphere.  Its  normal  illumination  is  proportional  to  J/r2,  where  J  is 
the  candle-power  of  the  lamp  in  the  direction  under  consideration,  and  r 
is  the  radius  of  the  sphere.  The  element  ds  illuminates  the  screen  p; 
according  to  Lambert's  law  of  diffused  light,  mentioned  above,  the 
quantity  of  light  emitted  towards  p  is  (J  ■*■  r2).  ds  :  Gos'a.  This  light 
is  incident  on  p  at  an  angle  a;  hence  the  normal  illumination  of  p  is 
proportional  to 

J  Cos  a  .  ds    Cos  a  ^  .^^.i^-i  *«  J  ds 
-^r—  or  proportional  to  — ^ , 
p  4  r* 
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because  I  —  2  r .  Cos  a,  from  the  triangle  pnds.    The  total  normal 
illumination  of  p  caused  by  the  whole  sphere  is  thus  proportional  to 


±   f 
4r*J0 


V* 

Jds  =  Const.  X  mean  spherical  intensity; 


see  equation  (1)  in  §  216.  This  proves  that  the  illumination  of  the 
screen  p  is  proportional  to  the  mean  spherical  intensity  of  the  lamp  L\. 
The  same  is  true,  when  the  lamp  L\  is  not  in  the  center  of  the  sphere. 
Let  j  be  the  intensity  of  normal  illumination  of  the  element  ds.  The 
normal  illumination  produced  by  this  element  on  the  screen  p  is,  as 
before,  proportional  to 

so  that  the  total  illumination  of  p  is  proportional  to 


fj.ds. 


This  expression  is  evidently  proportional  to  the  total  light  emitted  by 
the  lamp  Lif  because  this  lamp  is  the  only  source  of  illumination  of  the 
sphere.  The  integral  does  not  depend  on  the  position  of  Lv  The 
result  is  not  changed  by  the  fact  that  part  of  the  light  is  absorbed  by 
the  walls,  or  is  reflected  several  times  before  it  reaches  p.  This  merely 
changes  the  constant  of  the  instrument,  which  must  be  determined 
experimentally. 

221 .  Mean  Hemispherical  Intensity.  —  In  some  cases  the  only  use- 
ful light  of  a  lamp  is  that  thrown  below  the  horizontal  plane  passing 
through  its  center;  this  is  true,  for  instance,  in  street  lighting.  Lamps 
used  for  such  purposes  should  be  rated  on  the  basis  of  their  mean 
hemispherical  intensity,  taking  into  account  only  the  light  emitted 
below  the  horizontal  plane.  Denoting  this  intensity  by  J**  we  obtain, 
in  a  way  similar  to  that  in  which  formula  (2)  is  deduced, 

Jmh*=   J    J  Sin  0  .d6; 
Also  the  expression 

2  m^o 

corresponding  to  formula  (3);  m  is  the  number  of  parts  in  which  90 
degrees  is  subdivided. 
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Mean  hemispherical  intensity  may  be  calculated  either  by  using  this 
last  formula,  or  the  lower  half  of  the  Rousseau  diagram  (Fig.  203). 
It  can  also  be  measured  directly  by  either  of  the  integrating  photometers 
described  above.  If  Matthews*  photometer  is  used,  the  mirrors  in  the 
upper  quadrant  are  covered  or  removed.  In  using  the  Ulbricht  pho- 
tometer, a  horizontal  segment  of  the  sphere  is  removed,  or  painted  black 
to  make  it  inefficient;  the  lamp  is  placed  with  its  center  in  the  horizontal 
plane  separating  the  upper  segment  from  the  rest  of  the  sphere.  The 
illumination  of  the  diffusing  part  of  the  sphere  is  then  produced  only 
by  the  light  given  out  below  this  plane;  therefore,  the  amount  of  light 
received  by  the  screen  p  is  proportional  to  the  mean  hemispherical 
intensity  of  the  lamp. 

222.  EXPERIMENT  10-E.  —Determination  of  Mean  Spherical 
Intensity  of  Incandescent  Lamps  with  an  Integrating  Photometer. 

—  Either  the  Matthews'  or  the  Ulbricht  photometer  may  be  used 
(§§  219  and  220).  If  possible,  take  measurements  with  the  same 
lamps  that  were  tested  in  experiment  10-D  (§  217).  Calibrate  the 
photometer  with  one  of  these  lamps,  and  wi^h  the  constant  thus 
obtained  check  the  mean  spherical  intensity  of  the  other  lamps.  If 
Matthews'  photometer  is  used,  check  the  curve  of  distribution  of 
luminous  intensity  of  one  of  the  lamps,  by  using  two  mirrors  at  a  time, 
all  other  mirrors  being  covered  with  black  cloth.  Devise  a  method 
for  checking  the  angular  position  of  the  mirrors,  and  for  determining 
their  coefficient  of  absorption.  If  an  Ulbrecht  photometer  is  used, 
investigate  in  how  far  the  theoretical  conclusion  is  true,  —  that  the 
illumination  of  the  screen  is  independent  of  the  position  of  the  lamp. 
For  one  of  the  lamps,  determine  the  mean  hemispherical  intensity,  and 
check  it  with  that  calculated  from  the  Rousseau  diagram. 


CHAPTER  XI. 
ARC  LAMPS. 

223.  The  physical  phenomenon  of  an  electric  arc  between  two  car- 
bons is  so  commonly  known,  that  it  seems  hardly  necessary  to  go  into 
a  detailed  explanation  of  it. 

Carbons  are  shown  schematically  in  Fig.  206;  the  sketch  to  the  left 
represents  a  direct-current  arc;  that  to  the  right  an  alternating-current 
arc.     In  the  direct-current  arc  the  upper  (positive)  carbon  forms  a 


Fig.  206.     A  direct-current  arc,  with  crater,  to  the  left.      An  alternating- 
current  arc,  without  a  crater,  to  the  right. 


"  crater,"  from  which  light  is  thrown  down,  in  the  direction  where  it 
is  mostly  needed.  With  the  alternating-current  arc  no  such  crater  is 
formed,  and  the  light  is  distributed  fairly  equally  in  all  directions,  a 
large  amount  of  it  being  thereby  wasted.  Moreover,  a  direct-current 
arc  gives,  with  the  same  watts  input,  considerably  more  light  than  an 
alternating-current  one.  This  makes  the  direct-current  arc  lamp 
superior  to  the  alternating-current  lamp,  the  more  so  since  the  latter 
makes  an  unpleasant  humming  noise,  which  may  often  be  objectionable, 
especially  in  indoor  use. 

Nevertheless,  the  advantages  of  energy  distribution  by  means  of  alter- 
nating currents  are  so  great  that  alternating  arcs  are  coming  more  and 
more  into  use.  This  is  especially  true  in  application  to  street  lighting; 
while  it  is  an  easy  matter  to  produce  voltages  up  to,  say,  10,000  volts 
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by  means  of  alternators  and  step-up  transformers,  continuous-current 
machines  for  such  voltages  have  serious  drawbacks  because  of  com- 
mutator troubles,  and  are  gradually  going  out  of  use.  Thus,  it  must 
be  understood  that  while  direct-current  arcs  are  themselves  preferable, 
alternating-current  arcs  afford  better  current  distribution  over  con- 
siderable areas. 

224.  Types  of  Arc  Lamps. — Arc  lamps  used  at  present  can  be  sub- 
divided into  direct-current  lamps  and  alternating-current  lamps;  also 
into  lamps  intended  for  being  connected  in  series,  and  those  to  be  used 
in  parallel.  This  gives  four  commercial  types  of  lamps:  series  direct- 
current,  multiple  direct-current,  series  alternating-current,  and  multiple 
alternating-current.  Multiple  lamps  are  used  for  indoor  lighting,  and 
in  other  cases  where  lamps  are  connected  to  a  low-tension  network. 
Series  lamps  are  used  for  street  lighting,  where  as  many  as  100  lamps 
can  be  connected  in  series  on  a  special  high-tension  circuit,  with  a  very 
small  expense  of  line  copper. 

Practically  all  arc  lamps  in  use  at  present  have  so-called  inclosed 
arcs,  —  the  carbons  are  surrounded  by  a  small  globe  which  practically 
excludes  the  air.  The  advantage  of  such  an  arrangement  is  that  the 
rate  of  consumption  of  the  carbons  is  much  lower.  While  an  open  arc 
lamp  requires  carbons  to  be  renewed,  say,  every  10  hours,  or  even  more 
frequently,  inclosed  lamps  will  burn  as  long  as  150  hours  or  longer. 
This  means  a  considerable  saving  in  trimming  service  and  carbons. 
The  light  of  an  inclosed  arc  lamp  is  much  softer  and  steadier;  the  fire 
risk  in  indoor  use  is  less,  because  the  small  globe  surrounding  the  car- 
bons prevents  the  falling  of  sparks. 

The  desire  to  increase  the  luminous  efficiency  of  arc  lamps  led  to 
the  development  of  so-called  "  flaming  "  arcs.  In  these  lamps  the  two 
carbons  are  placed  vertically  side  by  side  at  a  small  angle  to  each  other, 
and  a  fan-shaped  arc  is  formed  downward;  no  inclosing  (inner)  globe 
is  used.  The  carbons  are  impregnated  with  salts  which  give  a  soft 
yellow  or  reddish  color  and  produce  a  flaming  effect,  thereby  greatly 
increasing  the  efficiency  of  the  lamp.  Another  new  lamp  is  the  "  mag- 
netite "  lamp  invented  by  Dr.  Steinmetz.  It  is  a  direct-current  arc 
in  which  magnetic  oxide  of  iron,  or  magnetite  (Fe304) ,  is  used  as  nega- 
tive electrode,  copper  as  positive;  the  arc  is  formed  by  the  magnetite 
vapor.  This  lamp  gives  a  brilliant  white  light,  and  its  efficiency  com- 
pares favorably  with  that  of  ordinary  inclosed  arcs.  The  flaming  arcs 
and  the  magnetite  lamp  present  marked  advantages,  although  thus  far 
they  have  been  used  to  a  limited  extent  only. 

225.  Regulating  Mechanism  of  Multiple  Lamps.  —  The  arc  must 
be  adjusted  to  a  definite  voltage  and  current,  in  order  to  give  a  certain 
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amount  of  light  and  to  be  steady  and  noiseless.  Therefore,  arc  lamps 
are  always  provided  with  a  regulating  mechanism,  which  automatically 
feeds  the  carbons  as  they  burn  out,  and  so  keeps  the  distance  between 
them  constant.  The  mechanism  of  multiple  lamps  needs  to  regulate  for 
constant  current  only,  because  the  voltage  between  the  wires  is  kept 

constant  from  the  power  house. 
On  the  other  hand,  the  mechanism 
of  a  series  lamp  must  regulate  for 
constant  voltage  only,  since  the 
current  is  kept  constant  by  means 
of  special  regulating  devices  in 
the  power  house. 

The  regulation  of  multiple  lamps 
(sometimes  called  constant-poten- 
tial lamps,  since  they  burn  on  con- 
stant-potential circuits)  is  usually 
brought  about  by  an  electromag- 
net or  solenoid,  connected  di- 
rectly in  series  with  the  arc  (Fig. 
207).  This  solenoid  operates  a 
t  clutch  and  feeds  the  upper  carbon 
when  required.  The  current  from 
the  lower  terminal  flows  through 
the  upper  carbon,  the  lower  car- 
bon, then  through  the  regulating 
coil  and  back  to  the  upper  ter- 
minal. The  lower  carbon  is  sta- 
tionary, the  upper  is  fed  down  by 
gravity  when  it  is  released  by  the 
clutch. 

When  current  is  off,  the  reg- 
ulating coil  does  not  support 
the  upper  carbon,  and  it  rests 
on  the  lower  carbon,  keeping 
the  arc  circuit  closed.  The  power 
being  switched  on,  a  current  passes  through  the  lamp  and  energizes 
the  coil;  the  coil  pulls  up  the  upper  carbon  and  starts  the  arc.  The 
lamp  is  so  regulated,  that  when  the  distance  between  the  carbons, 
and  the  current  through  the  lamp,  are  correct,  the  pull  of  the  coil 
just  balances  the  weight  of  the  upper  carbon  with  its  carriage  and 
other  moving  parts.  When  the  upper  carbon  is  being  burned,  the  arc 
becomes  longer,  its  resistance  increases,  and  less  current  flows  through 
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Fig.  207.     Mechanism  of  a  multiple  arc 
lamp  (series-coil  control). 
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the  coil.  The  coil  can  no  longer  support  the  upper  carbon,  and  it  is 
lowered  until,  —  due  to  the  decreased  resistance  (shortened  arc), — 
sufficient  current  again  flows  through  the  coil  to  support  the  carbon. 
This  occurring  several  times,  the  clutch  reaches  the  lower  limit  of  its 
travel  where  it  strikes  against  the  stop.  The  carbon  is  thereby 
released  and  slides  down,  until  the  current  rises  to  its  normal  value. 
Then  the  plunger  is  pulled  up  again,  the  clutch  grips  the  carbon  and 
prevents  its  further  motion.  In  this  way  the  upper  carbon  is  fed 
gradually  in  proportion  as  it  is 
burned,  and  the  coil  regulates 
automatically  to  maintain  con- 
stant current. 

A  resistance  is  always  con- 
nected in  series  with  a  lamp 
operated  in  multiple,  the  pur- 
pose of  the  resistance  being  to 
take  up  the  surplus  of  the  line 
voltage.  An  ordinary  inclosed 
lamp  does  not  require  more  than 
75  volts  at  its  terminals,  while 
the  usual  line  voltage  is  110 
volts;  the  extra  36  volts  must 
be  absorbed  in  a  "ballast"  re- 
sistance. This  resistance  also 
makes  the  arc  steadier  and  re- 
duces the  first  inrush  of  current 
when  the  lamp  is  started. 

Alternating-current  lamps 
have  a  similar  construction 
(Fig.  208),  except  that  the 
plunger — operated  by  the  coil 
S, —  must  be  laminated  to  pre- 
vent eddy  currents  in  it.  A  reactance  coil  is  sometimes  used  in 
place  of  a  ballast  resistance.  Such  a  coil  is  shown  on  top  of  Fig.  208; 
it  has  several  taps  F  in  order  that  the  same  lamp  may  be  used  with 
different  voltages  and  different  frequencies.  An  advantage  of  using  a 
reactive  or  choke  coil  instead  of  a  resistance  is  that  the  coil  consumes 
much  less  power.  The  disadvantage  of  the  reactive  coil  is  that  it 
lowers  the  power  factor  of  the  system,  and  makes  the  voltage  regula- 
tion of  the  alternator  unsatisfactory. 

226.   EXPERIMENT  11-A.— Operation  of  Multiple  Arc  Lamps.— 
Thoroughly  inspect  the  lamp  available  for  study  and  operation,  making 


Fig.  208.     The  Fort  Wayne  multiple  alter- 
nating-current arc  lamp. 
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clear  to  yourself  the  office  of  the  various  parts.  Connect  it  in  aeries 
with  an  ample  regulating  resistance  and  apply  current.  Adjust  the 
current  and  the  voltage  until  the  lamp  gives  a  good  steady  light. 
While  adjusting  the  lamp,  study  the  arc  by  throwing  its  enlarged 
image  —  by  means  of  a  lens  —  upon  a  screen  (or  a  white  wall).  When 
observing  the  arc  itself,  use  dark-colored  or  smoked  glass  to  protect 
the  eyes. 

Try  various  adjustments  of  the  parts  of  the  lamp:  —  the  counter- 
weight, the  dash-pot,  the  resistance,  etc.;  find  the  limits  of  volts  and 
amperes  between  which  the  lamp  gives  a  satisfactory  operation.  Deter- 
mine the  exact  values  of  current  and  voltage  at  which,  in  your  opinion, 
the  lamp  gives  the  best  service.  It  is  well  to  have  a  short-circuiting 
switch  around  the  ammeter  to  protect  it  when  starting  the  arc;  the 
lamp  takes  much  more  current  when  the  carbons  are  in  contact  than  in 
regular  operation.  Repeat  similar  tests  with  a  few  other  arc  lamps, 
using  direct  and  alternating  current. 

Some  time  must  elapse  before  the  arc  becomes  steady;  therefore,  do 
not  take  readings  too  soon  after  the  current  has  been  switched  on  for 
the  first  time.  This  is  especially  true  for  inclosed  lamps,  because  the 
oxygen  within  the  globe  must  first  be  used  up  and  a  definite  gas  mixture 
and  temperature  established.  To  see  this  more  clearly,  take  off  the 
inner  globe  and  start  .the  lamp  in  the  open  air;  observe  the  difference 
in  volts,  amperes,  and  in  the  quality  and  general  appearance  of  the 
light.  Before  doing  this  do  not  fail  to  introduce  more  resistance  into 
the  circuit;  do  not  keep  the  current  on  with  an  open  arc  more  than  a 
few  minutes,  since  the  lamp  under  such  conditions  takes  an  excessive 
current. 

An  important  point  upon  which  the  satisfactory  operation  of  arc 
lamps  depends  is  the  quality  of  carbons  used;  the  best  lamp  will  give  a 
poor  and  unsteady  light  with  inferior  carbons.  Make  a  few  simple 
tests  on  carbons,  as  described  in  Foster's  "  Pocket  Book,"  pp.  395-397. 

Report.  Give  a  short  description  of  the  lamps  tested;  illustrate  their 
construction  with  rough  sketches;  describe  the  tests;  give  numerical 
results,  and  state  any  peculiarities  observed. 

227.  Regulating  Mechanism  of  Series  Arc  Lamps. — When  several 
arc  lamps  are  connected  in  series,  as  in  street  lighting,  the  same  current 
must  of  necessity  flow  through  all  of  them.  Therefore,  the  current 
strength  must  not  be  regulated  by  each  lamp  independently,  but  must 
be  kept  constant  at  the  distributing  point,  —  the  regulating  mechanism 
of  each  lamp  having  merely  to  adjust  the  distance  between  the  carbons 
so  as  to  maintain  the  proper  voltage  at  their  terminals.  Consider,  for 
instance,  the  case  of  ten  lamps  connected  in  series,  each  rated  to  con- 
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sume  6.6  amperes  at  70  volts.  The  total  pressure  at  the  terminals  of 
the  circuit  must  be  700  volts;  this  does  not,  however,  necessarily  imply 
that  each  lamp  would  take  one  tenth  of  it,  or  70  volts.  The  carbons 
in  one  of  the  lamps  may  stick  together,  reducing  the  voltage  drop 
across  this  lamp  almost  to  zero;  while  the  next  lamp  may  draw  such 

a  long  arc  as  to  require  

nearly   140  volts  at  its      O (J ^  snumj 

terminals.  The  average 
voltage  still  would  be  70 
volts  per  lamp.  To  pre- 
vent this,  the  regulating 
coils  in  the  lamp. itself 
(Fig.  209)  are  so  adjusted 
that  they  automatically 
maintain  the  right  vol- 
tage at  the  lamp  termi- 
nals. 

Thus,  it  must  be  clearly 
understood,  that  when 
lamps  are  operated  in 
parallel,  their  regulating 
mechanism  is  made  to 
maintain  constant  cur- 
rent, the  voltage  being 
maintained  constant 
from  the  power  house. 
When  the  lamps  are 
operated  in  series,  their 
regulating  mechanism 
must  maintain  a  con- 
stant voltage,  the  cur- 
rent being  maintained 
constant  at  the  power 
house. 


Fig.  209.     Mechanism  of  a  differential  arc  lamp  for 
series  connection  (series-  and  shunt-coil  control). 


Regulation  for  constant  voltage  is  obtained  by  adding  a  second 
coil  to  the  mechanism  of  the  lamp  shown  in  Fig.  207.  This  coil  (Fig. 
209)  is  shunted  across  the  arc,  and  opposes  the  action  of  the  series 
coil;  for  this  reason  such  lamps  are  sometimes  called  differential  lamps. 
When  the  power  is  off,  the  upper  carbon  rests  on  the  lower.  When 
the  circuit  is  closed,  the  series  coil  is  fully  energized  and  pulls  the  car- 
bons apart,  starting  the  arc.  The  carbons  being  originally  close 
together,  the  voltage  across  the  arc  is  low,  and  therefore  the  action 
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of  the  shunt  coil  weak.  When  the  carbons  are  brought  up  to  the 
right  distance,  the  action  of  the  two  coils  and  of  the  weight  of 
the  moving  part  just  balance  each  other.  When  the  carbons  are 
sufficiently  burned  out,  the  resistance  of  the  arc  increases,  the  voltage 
across  it  rises,  and  the  action  of  the  shunt  coil  becomes  stronger  than 
that  of  the  series  coil.     The  shunt  coil  pulls  up  its  plunger  and  lowers 

the  carbon.  Should  the  car- 
bons on  the  contrary  come 
too  close  together,  the  action 
of  the  series  coil  becomes 
stronger  than  that  of  the 
shunt  coil,  and  the  former 
pulls  the  carbons  apart. 

228.  Example  of  a  Series 
Arc  Lamp.  —  A  series  en- 
closed arc  lamp  for  direct  cur 
rent  is  shown  in  Fig.  210. 
P  is  the  positive  terminal, 
N  the  negative;  the  main 
circuit  is  from  the  positive 
binding  post  to  the  carbon 
tube,  trolley,  upper  carbon 
holder  and  carbons,  through 
the  series  coil  and  the  ad- 
justing resistance  in  parallel 
with  it,  to  the  negative  bind- 
ing post.  The  shunt  circuit 
is  from  the  positive  binding 
post,  through  the  shunt  coil 
to  the  negative  binding  post. 
When  not' in  operation,  the 
lamp  is  short-circuited  be- 
tween N  and  P  by  the  switch 
shown  on  top,  the  current 
then  passing  directly  to  other  lamps  in  the  same  circuit. 

Opening  the  switch  by  turning  it  puts  the  lamp  mechanism  in  cir- 
cuit. The  carbons  are  normally  together  when  the  current  is  off. 
Turning  the  current  on  energizes  the  series  magnet.  This  attracts  the 
armature  carrying  the  clutch  which  grips  and  raises  the  upper  carbon 
and  establishes  an  arc.  The  adjusting  resistance  in  parallel  with  the 
series  coil  permits  more  or  less  current  to  pass  through  the  series  coil, 
thus  strengthening  or  weakening  its  effects  on  the  armature.     Counter- 
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balancing  the  effect  of  the  series  magnet  on  the  armature  is  the  shunt 
magnet,  which  is  affected  by  the  entire  difference  of  potential  existing 
between  the  lamp  terminals.  The  action  of  these  two  coils  is  the  same 
as  in  Fig.  209.  The  too  rapid  movement  of  the  armature  is  prevented 
by  the  air  dash-pot  connected  to  one  end. 

If  the  series  magnet  draws  too  long  an  arc,  or  the  carbon  fails  to  feed, 
the  increased  resistance  of  the  arc  causes  the  shunt  magnet  to  become 
abnormally  energized,  so  that  it  closes  the  cut-out  contacts  and  shunts 
the  current  around  the  lamp  through  the  re-lighting  coil.  This  action 
usually  causes  the  carbons  to  drop  together,  after  which  the  series 
magnet  is  again  automatically  cut  into  circuit  and  the  arc  re-established. 
If,  however,  the  upper  holder  fails  to  feed  because  of  the  upper  carbon 
being  burned  out,  the  shunt  magnet  holds  the  cut-out  contact  per- 
manently closed.  The  lamp  is  thus  replaced  by  a  dead  resistance,  and 
the  conditions  of  burning  of  the  other  lamps  in  the  same  circuit  remain 
intact. 

The  adjusting  resistance  not  only  permits  the  adjustment  of  the  lamp 
voltage,  or  of  the  distance  between  the  carbons  within  certain  limits, 
but  also  compensates  for  the  influence  of  temperature.  The  resistance 
of  the  shunt  coil  becomes  considerably  higher  after  the  lamp  has  been 
in  operation  for  an  hour  or  two,  than  when  the  lamp  is  first  started; 
consequently  the  current  in  the  shunt  coil  decreases,  and  the  shunt  coil 
becomes  too  weak  to  counterbalance  the  action  of  the  series  coil.  But 
the  series  coil  is  shunted  by  the  adjusting  resistance  made  of  a  material 
having  a  low  temperature  coefficient,  —  for  instance,  German  silver; 
therefore,  as  the  series  coil  becomes  heated,  more  and  more  current 
flows  through  the  resistance,  instead  of  through  the  coil,  and  the  pull 
of  the  series  coil  is  also  decreased.  With  a  correct  design  it  is  possible 
to  maintain  the  same  regulation  of  the  hot  lamp  as  when  it  is  cold. 

229,  EXPERIMENT  1 1-B.  —  Operation  of  Series  Arc  Lamps.  — 

The  conduct  of  the  experiment  is  similar  to  that  of  Experiment  11-A 
(§226).  The  performance  of  a  series  arc  lamp  may  be  studied  more 
satisfactorily  on  a  constant-current  circuit  than  on  an  ordinary  constant- 
potential  circuit.  Constant  current  may  be  obtained  by  means  of  either 
a  suitable  generator  (§  231)  or  an  arc-light  transformer  (§  233).  Both 
machines  are  intended  for  rather  high  voltages,  necessary  with  several 
lamps  in  series;  for  study  it  is  advisable  to  have  only  two  or  three  lamps 
in  series,  replacing  the  rest  of  the  lamps  by  some  ballast  resistance. 
The  operation  of  the  lamps  is  much  steadier  under  such  conditions. 

230.  Means  for  Maintaining  Constant  Current.  —  It  is  explained 
in  i  227  that  when  arc  lamps  are  operated  in  series,  current  must  be 
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maintained  constant  from  the  power  house.  The  first  series  arc  lamps 
on  the  market  were  built  for  direct  current,  and  special  constant-cur- 
rent generators  were  used  to  operate  them.  Of  these  the  Thomson- 
Houston,  the  Brush  and  the  Wood  arc-light  machines  have  been  the 
most  popular.  With  the  advent  of  the  alternating-current  arc  lamp 
these  machines  have  been  gradually  abandoned;  regulation  of  alter- 
nating-current circuits  being  accomplished  far  more  simply  by  con- 
stant-current transformers  (Fig.  211). 

Dr.  Steinmetz,  in  connection  with  his  magnetite  lamp  (§  224),  pro- 
posed to  use  mercury  vapor  rectifiers  in  connection  with  direct-current 
arc-lamp  circuits.  The  magnetite  lamp  is  essentially  a  direct-current 
lamp;  a  rectifier  is  placed  between  the  lamps  and  the  secondary  of  the 
constant-current  transformer.  In  this  way,  the  lamps  are  fed  with  high- 
tension  pulsating  unidirectional  currents,  while  the  generation,  trans- 
mission and  regulation  are  accomplished  with  all  the  simplicity  inherent 
to  alternating  currents.  This  system  apparently  has  good  chances  for 
success,  although  the  mercury  rectifier  has  not  yet  had  a  sufficient 
practical  test  as  to  its  reliability. 

23 1 .  Thomson-Houston  Arc  Light  Machine.  —  Although  this  type 
of  constant-current  machine  has  been  much  used  in  direct-current  arc 
lighting,  the  machine  is  no  longer  manufactured.  Many  of  them  are 
still,  however,  in  regular  operation.  These  machines  have  been  built 
for  voltages  up  to  several  thousand  volts,  and  for  outputs  of  from  6 
to  10  amperes.  The  Thomson-Houston  machine  is  a  series-wound 
bipolar  generator.  The  armature  consists  of  three  coils  connected 
together  on  one  end;  the  other  ends  are  connected  to  three  commutator 
segments;  the  arrangement  resembles  the  star  connection  of  a  three- 
phase  system.  In  view  of  the  small  number  of  commutator  segments, 
the  current  generated  is  a  unidirectional  pulsating  current  rather  than 
direct  current.  The  machine  is  provided  with  two  positive  and  two 
negative  brushes,  so  that  the  circuit  is  not  opened  when  the  brush 
passes  from  one  commutator  segment  to  the  next.  The  voltage  of  the 
machine  is  regulated  by  changing  the  distance  between  two  brushes 
of  the  same  polarity.  This  is  done  automatically  by  a  solenoid 
mounted  on  the  machine  itself,  and  energized  by  the  main  current. 
The  solenoid  operates  a  rocker  arm  on  which  two  of  the  brushes  are 
mounted. 

This  solenoid,  or  the  regulator,  as  it  is  called,  is  brought  into  action 
by  a  relay  controller  usually  placed  on  the  wall  near  the  machine.  The 
controller  keeps  the  regulator  winding  short-circuited  as  long  as  the 
current  is  below  normal.  Should  the  current  rise  above  normal,  the 
controller  removes  the  short-circuit  on  the  regulator,  and  the  latter 
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increases  the  distance  separating  the  brushes  of  the  machine;  this 
reduces  its  voltage  and  consequently  the  current.  With  such  an 
arrangement,  it  is  possible  to  keep  the  current  constant  within  wide 
limits  of  voltages,  —  in  other  words,  with  a  varying  number  of  lamps 
in  the  circuit.  . 

Some  other  features  of  the  machine  are:  (a)  the  regulator  is  provided 
with  a  dash-pot  to  prevent  jerky  action;  (b)  an  air-blast  is  directed 
*  on  the  brushes  to  reduce  inevitable  sparking;  (c)  the  series  field  wind* 
ing  is  shunted  by  a  field  rheostat  for  hand  regulation;  (d)  a  non-induc- 
tive resistance  is  connected  across  the  relay  contacts  to  absorb  the 
inductive  kick,  when  the  regulator  circuit  is  opened  or  closed. 

232.  EXPERIMENT  11-C. —Characteristics  of  an  Arc-Light 
Machine.  —  An  arc-light  machine,  such  as  described  in  the  preceding 
article,  may  be  conveniently  loaded,  for  a  study  of  its  characteristic 
performance,  on  a  rheostat  consisting  of,  say,  20  resistances  in  series, 
each  approximately  equivalent  to  an  arc  lamp.  Each  resistance  is 
provided  with  a  short-circuiting  switch,  as  in  the  case  of  a  regular 
series  arc  lamp  (Fig.  210).  Begin  the  test  on  open  circuit,  when  both 
amperes  and  volts  are  zero;  then  close  the  circuit  on  a  high  resistance, 
and  gradually  reduce  the  number  of  lamps,  or  equivalent  resistances, 
until  the  machine  is  short-circuited.  The  voltage  of  the  machine  is 
nearly  proportional  to  the  number  of  lamps  in  the  circuit;  the  current 
remains  constant  within  a  wide  range  of  voltages,  down  almost  to  a 
short-circuit  of  the  machine. 

Read  volts  and  amperes;  note  the  number  of  sections  of  the  rheostat 
in  series.  Having  finished  this  run,  investigate  the  limits  within  which 
the  characteristics  of  the  machine  may  be  changed  by  (a)  shunting  the 
series  field;  (b)  adjusting  the  brushes;  (c)  the  controller;  (d)  the  regu- 
lator, and  (e)  the  dash-pot.  Test  how  quickly  the  machine  regulates 
with  sudden  changes  in  resistance,  which  are  apt  to  occur  in  an  arc- 
lamp  circuit.  . 

In  working  with  this  machine,  the  student  must  avoid  touching  any 
live  parts  of  the  circuit,  since  the  voltages  involved  may  give  him  an 
unpleasant  shock. 

Report.  Plot  volts  and  amperes  to  ohms  resistance  in  the  external 
circuit  as  abscissae,  or  —  what  is  practically  the  same  —  to  the  num- 
ber of  lamps  in  series.  Give  the  results  of  various  adjustments  made 
on  the  machine,  and  its  behavior  with  sudden  changes  in  resistance. 

233.  Constant-Current  Transformer.  —  Commercial  alternators 
supplying  current  for  light  and  power  are  essentially  constant-potential 
machines,  while  constant  current  is  required  for  supplying  series  arc 
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lamps.  The  usual  apparatus,  which  converts  constant-voltage  energy 
into  constant-current  energy,  and  thus  allows  arc-light  circuits  to  be 
fed  from  ordinary  alternators,,  is  called  a  constant-current  transformer; 
sometimes  also  tub  transformer,  or  arc-light  transformer. 

A  constant-current  transformer  (Fig.  211)  consists,  like  any  ordinary 
transformer,  of  two  windings  placed  on  an  iron  core,  thus  acting  induc- 
tively upon  each  other.  The  essential  feature  of  the  transformer  is 
that  its  secondary  coil  is  movable,  whiie  in  ordinary  constant-potential 
transformers  both  coils  are  stationary.  The  stationary  primary  wind- 
ing is  connected  to  the  alternator  circuit;  the  movable  secondary  coil 
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Fig.  211.     An  arc-light  transformer,  for  transformation  of  constant-potential 
energy  into  constant-current  energy. 


is  connected  into  the  arc-lamp  circuit.  When  the  arc-lamp  circuit 
is  open,  the  secondary  coil  rests  on  the  primary,  since  only  part  of  its 
weight  is  balanced  by  the  counterweight.  Closing  the  arc  circuit  causes 
secondary  currents  to  flow  in  the  movable  coil,  and  it  is  repelled  up- 
ward. The  farther  it  is  repelled,  the  lower  becomes  the  electromotive 
force  induced  in  it,  this  being  due  to  the  magnetic  leakage  between 
the  two  coils,  which  increases  as  the  distance  between  the  coils  increases. 
The  counterweight  is  so  adjusted,  that  with  any  position  of  the  mov- 
able coil,  the  secondary  current  in  it  remains  practically  constant. 
When  the  number  of  lamps,  or  the  resistance  of  the  circuit,  decreases, 
the  current  tends  to  increase;  this  increases  the  repulsion  between 
the  coils,  and  the  movable  coil  is  repelled  farther  upward.    The  use- 
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ful  flux  is  thereby  reduced,  consequently  the  induced  current  again 
decreases. 

Large  arc-light  transformers  are  provided  with  two  stationary  and 
two  movable  coils,  mounted  on  the  same  cor^.  One  set  of  coils  is 
independent  of  the  other,  and  the  secondaries  are  connected  to  different 
arc-lamp  circuits.  Each  movable  coil  is  provided  with  a  separate 
counterweight. 

234.  EXPERIMENT  11-D.  —Operation  of  a  Constant-Cur- 
rent  Transformer.  —  Constant-current  transformers  are  used  in  con- 
nection with  series  alternating-current  arc  lighting,  and  are  described 
in  the  preceding  article.  Small  transformers  of  this  kind,  suitable  for 
only  6  arc  lamps  in  series,  are  now  manufactured.  They  are  very 
-  convenient  for  studying  characteristics,  without  handling  voltages  above 
500  volts.  Connections  are  made  as  in  Fig.  211;  the  same  rheostat, 
equivalent  to  arc  lamps,  may  be  used,  as  described  in  §  232.  Have 
an  ammeter,  a  voltmeter,  and  a  wattmeter  in  both  the  primary  and  the 
secondary  circuits. 

(a)  Begin  the  test  with  the  secondary  circuit  open;  then  close  it  on 
a  high  resistance,  and  gradually  reduce  the  resistance  by  equal  steps  to 
zero.  Take  readings,  at  each  step,  on  all  the  instruments,  and  note  the 
positions  of  the  secondary  coil  by  means  of  a  scale  marked  on  the  core. 

(b)  Determine  the  limits  of  current  within  which  the  transformer 
(with  suitable  counterweight)  is  capable  of  regulating  for  constant  cur- 
rent; for  instance,  with  a  transformer  rated  at  6.6  amperes  try  the 
regulation  at  5  amperes  and  at  8  amperes. 

(c)  Note  the  effect  of  the  secondary  load  being  somewhat  inductive, 
as  is  the  case  with  actual  arc  lamps. 

(d)  Determine  how  promptly  the  transformer  acts  with  sudden 
changes  of  resistance. 

(e)  Measure  voltages  induced  in  the  movable  coil  in  various  posi- 
tions, with  the  secondary  circuit  open;  also  when  the  secondary  circuit 
is  closed  on  a  constant  resistance.  Do  this  by  moving  the  counterweight 
by  hand;  be  careful  not  to  overload  the  windings  by  bringing  them  too 
close  together. 

(f)  Determine  for  several  values  of  the  load,  the  phase  relation 
between  the  primary  and  the  secondary  volts;  also  between  the  corre- 
sponding amperes. 

The  relation  between  the  voltages  can  be  found  as  follows:  Let  the 
primary  terminals  of  the  transformer  be  denoted  by  A\  and  Bi;  the 
secondary  terminals  by  A2  and  B2.  Connect  BY  and  B2  together; 
measure  the  voltages  A\-Bi,  ArB2,  and  A^A2.    The  vectors  of  these 
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voltages  form  a  triangle  from  which  the  phase  relation  may  be  deter- 
mined. 

The  phase  relation  between  the  currents  can  be  determined  by  using 
temporarily  a  common  wire  for  one  side  of  the  primary  and  of  the 
secondary  circuits,  and  connecting  an  ammeter  in  this  line.  Bead 
primary  amperes,  secondary  amperes,  and  common  amperes.  This 
again  gives  a  triangle  of  vectors,  from  which  the  phase  relation  may 
be  determined.  The  phase  relation  between  the  primary  volts  and  the 
corresponding  current  is  obtained  from  the  wattmeter  reading;  so  also 
for  the  secondary  quantities.  As  a  check  on  the  relations  thus  obtained, 
connect  the  wattmeter  so  as  to  read  primary  volts  and  secondary 
amperes,  and  then  vice  versa. 

When  working  with  this  transformer,  the  student  should  be  careful 
not  to  touch  any  live  parts  of  the  secondary  circuit,  as  he  might  receive 
a  shock  due  to  several  hundred  volts. 

Report.  Plot  to  ohms  resistance  in  the  secondary  circuit  as  abscissae 
(or  to  its  equivalent,  the  number  of  lamps  in  series):  primary  and 
secondary  volts,  amperes,  watts,  power  factor,  positions  of  the  second- 
ary coil.  Give  the  results  of  tests  enumerated  under  (b),  (c),  (d),  and 
(e) .  Plot  vector  diagrams,  as  required  in  (f),  and  explain  the  relations 
obtained  between  the  currents  and  the  voltages. 

ARC-LAMP    PHOTOMETRY. 

235.  The  principles  of  photometry,  or  of  the  art  of  measuring  lumin- 
ous intensities  of  lamps,  are  explained  in  Chapter  X,  and  the  reader  is 
supposed  now  to  be  familiar  with  them.  In  arc  lamps,  as  in  incan- 
descent lamps,  the  mean  horizontal  intensity,  or  the  mean  intensity 
measured  in  any  other  direction,  affords  a  simple  method  for  rating 
lamps;  but  it  is  not  sufficient  for  a  judgment  of  the  total  amount  of 
light  which  a  lamp  is  capable  of  giving.  The  trend  of  opinion  among 
engineers  is  more  and  more  towards  rating  arc  lamps  on  the  basis  of 
their  mean  spherical  (§  215)  or  mean  hemispherical  (§  221)  candle- 
power.  This  is  done  either  by  taking  a  curve  of  distribution  of  lumin- 
ous intensity  (Fig.  203)  or  by  means  of  integrating  photometers 
(§  239). 

The  principal  points  of  difference  between  photometering  incan- 
descent lamps  and  arc  lamps  are  as  follows: 

(1)  Arc  lamps  are  much  more  powerful  sources  of  light  than  incan- 
descent standards  to  which  they  are  compared;  therefore,  for  measure- 
ment, the  luminous  intensity  of  the  arc  must  usually  be  reduced  in  a 
known  ratio. 
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(2)  Since  it  is  not  practicable  to  spin  an  arc  lamp  in  order  to  obtain 
its  mean  candle-power,  the  distribution  of  light  is  obtained  by  means 
of  suitable  mirrors. 

(3)  The  light  of  an  arc  lamp  is  not  quite  steady;  the.  arc  flickers, 
runs  around  the  edge  of  the  carbons,  the  distance  between  the  carbons 
varies,  etc. 

(4)  Differences  in  color  (§  213)  are  more  pronounced  than  with 
incandescent  lamps. 

The  methods,  by  which  these  difficulties  are  taken  care  of,  are 
described  below. 
236.   Distribution  of  Light  about  an  Arc  Lamp.  —  Prof.  Matthews' 
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Fig.  212.     An  arrangement  of  mirrors  for  photoinetering  arc  lamps. 


arrangement  is  shown  in  Fig.  212,  in  plan  and  elevation.  It  was 
devised  for  the  extensive  tests  which  he  has  performed  on  arc  lamps 
for  the  National  Electric  Light  Association.  The  light  from  the  lamp 
under  test  is  reflected  in  any  desired  direction  by  two  movable  mirrors 
and  directed  upon  the  photometer  screen.  The  lamp  itself  is  screened 
from  the  photometer  by  a  piece  of  black  cardboard,  or  velvet  (not 
shown  in  the  sketch).  With  two  mirrors,  fluctuations  in  illumination 
of  the  photometer  screen,  caused  by  an  unsteady  arc,  are  considerably 
reduced,  especially  those  due  to  the  arc  running  around  the  edge  of  the 
carbon.  Either  the  Bunsen,  the  Lummer-Brodhun,  or  a  flicker  photo- 
meter may  be  used;  the  illumination  on  both  sides  of  the  photometer 
screen  is  balanced  by  moving  the  standard  lamp  L2.  With  two  mirrors, 
the  illumination  of  the  screen  is  doubled,  so  that  the  result  must  be 
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divided  by  two.  It  must  also  be  divided  by  the  cosine  of  the  angle 
at  which  the  rays  are  incident  on  the  screen,  and  by  the  coefficient  of 
absorption  of  the  mirrors.  It  seems  simplest  to  find  an  empirical 
coefficient  for  all  these  effects  combined,  by  placing  at  L\  a  large  incan- 
descent lamp,  and  photometering  it  with  and  without  the  mirrors. 
Instead  of  moving  the  mirrors  (to  determine  the  intensity  of  illumination 
in  various  directions)  and  measuring  their  angles,  it  is  more  convenient 
to  have  a  complete  set  of  mirrors  as  in  Fig.  213  and  uncover  them  two 
by  two. 

An  arc  lamp  has  to  be  placed  at  quite  a  considerable  distance  from 
the  photometer  screen,  in  order  to  be  balanced  against  an  incandescent 
lamp.  Where  this  is  not  practicable,  the  light  from  the  arc  lamp  is 
reduced  in  a  known  ratio.  A  convenient  method  is  to  interpose  a 
revolving  sectored  disk  between  the  arc  lamp  and  the  photometer 
screen.  The  disk  must  be  rotated  at  a  speed  sufficiently  high  not  to 
produce  flickering;  the  light  is  intercepted  in  proportion  to  the  area  of 
the  open  and  opaque  parts  (Talbot's  law).  If  the  disk  consist,  for 
instance,  of  six  sectors,  each'  having  an  opening  of  40  degrees  and  the 
opaque  part  of  20  degrees,  two  thirds  of  the  light  passes  through. 
Suppose  the  photometer  reading  to  be  400  candle-power;  then  the  true 
candle-power  of  the  arc  is  400  X  3/2  =  600  candle-power.  The  method 
is  not  applicable  with  alternating-current  arc  lamps,  because  the  light 
of  the  lamp  itself  is  fluctuating,  and  would  be  intercepted  at  moments 
of  different  intensity.  In  this  case  translucent  screens  are  used,  or 
dispersing  lenses,  to  reduce  the  illumination  of  the  screen;  they  are 
calibrated  by  photometering  an  incandescent  lamp  through  them  and 
without  them. 

237a.  EXPERIMENT  11-E.  —Distribution  of  Light  about  a 
Direct-Current  Arc  Lamp.  —  The  apparatus  is  arranged  as  in  Fig.  22. 
Before  beginning  the  experiment  proper,  determine  the  constant  of  the 
mirrors  by  measuring  the  horizontal  candle-power  of  a  large  incandes- 
cent lamp,  say  100  candle-power,  with  the  mirrors,  and  without  them. 
Investigate  first  the  distribution  of  light  around  an  inclosed  arc  lamp, 
as  giving  the  most  steady  light;  use  a  clear  inner  globe  and'  no  outer 
globe.  Let  the  lamp  burn  a  sufficient  time  for  the  light  to  become 
steady;  measure  the  light  intensities  every  five  or  ten  degrees, 
throughout  180  degrees.  Use,  if  necessary,  a  rotating  sectored  disk  to 
reduce  the  illumination  of  the  photometer  screen.  Replace  the  clear 
globe  with  a  ground-glass  one,  and  again  take  the  distribution  curve. 
Perform  the  same  measurements  when  the  arc  lamp  is  provided  with 
an  opalescent  outside  globe;  also  with  a  diffusing  reflector,  etc.    Inves- 
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tigate  the  distribution  of  light  around  an  open  arc,  a  flaming  (luminous) 
arc,  a  magnetite  lamp,  etc. 

Report.  Plot  curves  of  distribution  of  luminous  intensity,  as  in  Fig. 
203.  Figure  out  the  mean  spherical  intensity  from  one  of  the  curves, 
with  the  aid  of  the  Rousseau  diagram  (Fig.  203) ;  for  another  curve  by 
using  formula  (3)  in  §  216.  Calculate  from  the  same  curves  the  mean 
hemispherical  intensities  (§  221).  Give  the  ratios  of  the  mean  spherical 
and  hemispherical  candle-power  to  the  mean  horizontal  candle-power 
(reduction  factors).  Discuss  the  causes  of  difference  in  the  shape  of 
the  photometric  curves. 

237b.  EXPERIMENT  11-F.  —Distribution  of  Light  about  an 
Alternating-Current  Arc  Lamp.  —  For  instructions,  see  the  preceding 
experiment. 

238.   Arc  Lamp  Integrating  Photometers. — The  Ulbricht  spherical 
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Fig.  213.     An  integrating  photometer  for  arc  lamps. 


photometer,  described  in  §  220,  may  be  used  for  measuring  the  mean 
spherical  or  hemispherical  intensity  of  arc  lamps,  provided  the  dia- 
meter of  the  sphere  is  large  enough.  Blondel  considers  a  diameter  of 
about  10  feet  as  sufficient  for  the  purpose.  Two  other  practical  forms 
of  arc  lamp  integrating  photometers  are  shown  in  Figs.  213  and  214. 

The  photometer  shown  in  Fig.  213  is  a  development  of  the  photo- 
meter represented  in  Fig.  212.  Instead  of  moving  the  two  mirrors  so 
as  to  obtain  the  distribution  of  light  in  steps,  a  set  of  stationary  mirrors 
is  arranged  in  the  form  of  a  truncated  pyramid;  the  light  from  the  lamp 
is  reflected  on  the  photometer  screen  simultaneously  from  all  the 
mirrors.  The  direct  illumination  of  the  screen  by  the  lamp  is  prevented 
by  an  opaque  shield  or  screen.  Such  an  arrangement  gives  an  illumi- 
nation of  the  photometer  screen  proportional  to  ]v  J,  where  J  is  the 
luminous  intensity  in  a  certain  direction.     However,  the  mean  spherical 
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intensity,  according  to  equation  (3)  in  §  216,  is  proportional  to  V  J.  Sin  0 
and  not  to  ^  J.     Therefore,  the  light  from  each  pair  of  mirrors  must 

be  reduced,  or  "weighed  "  in  proportion  to  its  Sin  $,  or  the  area  of  the 
zone  to  which  the  mirrors  correspond  (Fig.  203).  This  is  done  in 
practice  in  three  different  ways: 

(1)  Mirrors  are  smoked  to  a  different  degree,  so  as  to  reduce  their 
reflecting  power  in  the  desired  proportion  (Matthews). 

(2)  An  opaque  screen,  with  apertures  proportional  to  Sin  0,  is  inter- 
posed between  the  lamp  and  the  mirrors  (Blondel). 

(3)  Mirrors  themselves  are  spaced  so  as  to  correspond  to  zones  of 
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Fig.  214.     The  Blondel  integrating  photometer  for  arc  lamps. 


equal  areas,  being  spread  farther  apart  at  the  poles  and  crowded  near 
the  equator   (Russell  and  Leonard). 

Whichever  method  is  used,  it  is  advisable  to  calibrate  the  photo- 
meter experimentally,  by  a  lamp  of  which  the  mean  spherical  candle- 
power  is  known. 

A  modification  of  the  above  photometer,  devised  by  Blondel,  is 
shown  in  Fig.  214.  A  white  diffusing  surface  is  used  instead  of  mirrors; 
this  surface  is  painted  on  the  inside  of  a  truncated  cone.  The  rays, 
diffusedly  reflected  from  it,  fall  on  a  photometric  screen,  and  the  illumi- 
nation is  balanced  against  a  standard  lamp.  The  rays  in  different 
directions  are  "weighed  "  in  the  ratio  of  Sin  0  by  making  the  screen 
the  widest  in  the  equatorial  plane  of  the  lamp,  and  gradually  reduc- 
ing the  width  to  the  poles.  The  lamp  is  protected  by  a  hood,  so  that 
no  light  falls  on  the  photometric  screen  except  that  reflected  from  the 
diffusing  surface.  It  must  be  noted,  that  the  left  side  of  Fig.  214  repre- 
sents the  plan  of  the  device,  while  the  right  side  is  a  side  elevation. 
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239,  EXPERIMENT  11-G.  —Determination  of  Mean  Spherical 
and  Hemispherical  Intensities  of  Arc  Lamps  with  an  Integrating 
Photometer.  —  A  few  types  of  integrating  photometers  adapted  for 
use  with  arc  lamps  are  described  in  §  238.  First  calibrate  the  photo- 
meter to  be  used,  with  a  source  of  light  of  which  the  mean  spherical 
intensity  is  known.  Then  test  in  the  photometer  direct-  and  alter- 
nating-current arcs,  both  open  and  enclosed,  investigating  also  the 
influence  of  globes  and  reflectors.  Determine  the  specific  power  con- 
sumption per  mean  spherical  and  mean  hemispherical  candle-power. 
If  possible,  the  same  lamps  should  be  tested  as  in  §§  237a  and  237b,  in 
order  to  check  the  results. 
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Fio.  215.        The  photometric  curve  of  the  Holophane 
reflector  shown  in  Fig.  216. 


CHAPTER  XII. 

INTERIOR  ILLUMINATION. 

240.  Use  of  Reflectors,  Shades  and  Globes.  —The  natural  distri- 
bution of  light  about  an  incandescent  lamp  (Fig.  203)  may  be  con- 
siderably improved  by  the  use  of  proper  reflectors  and  globes.  The 
photometric  curves  shown  in  Fig.  215  illustrate  this  point;  the  dotted 


Fig.  210.       Holophane    concen- 
trating reflector. 


Fig.  217.     Ceiling  bowl. 


Fig.  218.  Two-piece 
sphere  supported  by 
chains. 


curve  gives  the  distribution  of  light  about  a  bare  16  candle-power  lamp; 
the  elongated  curve  shows  the  distribution  of  light  when  the  same  lamp 
is  provided  with  a  reflector  shown  in  Fig.  216.  The  intensity  of  light 
in  the  vertical  direction  is  increased  from  7  to  60  candle-power;  a 
considerable  increase  in  illumination  is  also  obtained  in  other  direc- 
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tions  up  to  a  latitude  of  60  degrees.  Beyond  this,  the  illumination  is 
reduced.  This,  however,  is  no  objection  if  the  light  is  needed  chiefly 
under  the  lamp,  say  for  the  illumination  of  a  table.  The  gain  in  this 
case  is  evident,  since  it  would  take  at  least  three  or  four  bare  lamps  to 
produce  the  same  illumination  on  the  table,  and  much  light  would  be 
wasted  where  it  is  not  needed. 

Different  distribution  of  light,  as  required  in  various  practical  cases 
is  obtained  by  a  proper  design  of  globes  and  reflectors.  Three  different 
kinds  of  distribution  of  light  are  shown  in  Fig.  219;  they  are  obtained 


Fig.  219.    One  of  the  forms  of  Holophane  prismatic-glass  globes,  and  illumi- 
nating effects  produced  by  properly  shaping  the  external  prisms. 


with  various  glass  globes  of  the  type  shown  in  the  upper  right-hand 
corner  of  the  sketch.  The  globe  has  the  same  general  form  in  all  cases: 
its  outer  surface  is  made  into  series  of  small  prisms.  By  properly 
shaping  these  prisms,  light  is  thrown  in  any  desired  direction.  The 
globe  shown  in  the  upper  left-hand  corner  may  be  properly  used  when 
maximum  light  must  be  throXvn  downward,  for  instance,  in  chandeliers 
over  reading-tables.  The  one  shown  under  it  is  suitable  for  general 
illumination,  the  distribution  of  light  being  much  more  uniform.  The 
globe  in  the  lower  right-hand  corner  throws  maximum  light  at  from 
10  degrees  to  15  degrees  below  the  horizontal,  and  is  designed  to  light 
large  areas,  streets,  etc. 
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A  great  variety  of  shades,  globes  and  reflectors  are  used  in  connection 
with  incandescent  lamps,  the  determining  factors  in  the  selection 
being:  the  purpose  of  the  illumination,  artistic  requirements  and  the 
price.  The  most  common  reflectors  and  globes  are  shown  in  Figs.  220 
and  221.  The  globes  and  reflectors  in  Fig.  220  are  made  of  opal  glass, 
and  according  to  their  form  are  called  dome,  cone,  bell  reflectors,  flat 
reflectors,  etc.    Those  with  grooves  on  the  surface  are  distinguished  by 


Fig.  220.     Some  common  types  of  opal-glass  globes  and  reflectors. 

the  word  "fluted."  Thus,  the  third  reflector  in  the  upper  row,  count- 
ing from  the  left,  is  known  in  the  trade  as  the  "fluted  opal  cone 
reflector."  The  shades  shown  in  Fig.  221  are  usually  made  of  sheet 
iron,  sometimes  of  cardboard.  The  two  upper  ones  are  called  cone 
shades,  the  lower  one  between  them  is  a  flat  shade,  that  to  the  right 
a  parabolic  shade  (or  reflector).    Metal  shades  are  used  in  factories, 


Fio.  221.     Metal  shades  and  reflectors. 


drafting-rooms,  etc.,  where  light  must  be  concentrated  on  a  limited 
surface;  general  illumination  is  usually  supplied  by  other  lamps  near 
the  ceiling.  Glass  reflectors  allow  the  concentration  of  light,  and  at  the 
same  time  let  sufficient  light  through  for  general  illumination. 

241.  Holophane  Prismatic-Glass  Globes  and  Reflectors.  —  Some 
of  the  disadvantages  of  the  above-described  globes  and  reflectors  are: 
(a)  they  absorb  a  considerable  amount  of  light;  (b)  light  is  not  suf- 
ficiently diffused;  (c)  illumination  can  be  concentrated  in  desired 
directions  to  a  limited  extent  ouly.    These  defects  are  eliminated  to 
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a  considerable  degree  in  the  so-called  "Holophane"    prismatic-glass 
globes  and  reflectors,  shown  in  Figs.  216  to  219. 

The  name  "Holophane  "  was  taken  from  two  Greek  words  meaning 
"all-light."  The  underlying  principles,  on  which  these  globes  are 
built,  have  been  developed  by  Messrs.  Blondel  and  Psaroudaki  in  France. 
Holophane  globes  are  made  of  high  quality  pressed  glass,  and  have  both 
internal  and  external  surfaces  made  into  series  of  small  prisms  of  dif- 
ferent shapes  and  sizes.  The  function  of  the  internal  prisms  (Fig.  222) 
is  to  diffuse  the  light  given  out  by  the  lamp.  Each  ray,  such  as  ab,  is 
broken  up  into  at  least  two  rays  bed  and  befg,  so  that  the  eye,  following 
back  each  component,  is  unable  to  see  the  actual,  concentrated  source 
of  light,  but  the  whole  globe  becomes  a  source  of  diffused  light.  The 
external  prisms  (Fig.  223)  have  in  general  four  faces;  through  some  of 


Fig.  222.  Internal 
prisms  on  Holophane 
globes. 


Fig.  223.    External  prisms  on  Holo- 
phane globes. 


these  faces  light  passes  with  a  simple  refraction.  On  others  it  suffers 
a  total  reflection  and  goes  out  through  one  of  the  other  faces.  It  is 
absolutely  essential  that  the  prisms  be  accurately  designed;  otherwise 
some  of  the  light  is  apt  to  be  thrown  back  into  the  globe,  thereby 
decreasing  the  efficiency. 

Holophane  reflectors  (Fig.  216)  are  based  on  a  somewhat  different 
principle;  they  are  particularly  adapted  for  throwing  light  downward,  or 
if  desired,  at  an  angle  of  about  45  degrees,  at  the  same  time  giving 
sufficient  general  illumination.  They  are  smooth  on  the  inside,  and  have 
a  series  of  right-angle  prisms  on  the  outside.  These  prisms  offer  to  the 
light  a  total  reflecting  surface;  it  is  thus  possible  to  throw  the  light 
strongly  below  the  horizontal,  with  an  extremely  small  loss  from 
absorption.  At  the  same  time,  some  of  the  light  passes  through  the  top 
and  bottom  of  each  prism,  thus  allowing  sufficient  light  to  illuminate 
the  ceiling. 
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Holophane  globes  and  reflectors  are  made  in  a  great  many  types  to 
suit  various  purposes,  and  different  artistic  requirements.  For  most 
of  them  photometric  curves,  like  the  one  in  Fig.  215,  are  known,  so  that 
it  is  possible  to  select  in  each  case  the  most  suitable. 

242.  EXPERIMENT  12-A.  —Influence  of  Globes,  Shades,  and 
Reflectors  on  the  Distribution  of  Light  about  an  Incandescent 

Lamp.  —  Place  a  bare  incandescent  lamp  in  a  photometer,  and  obtain 
its  curve  of  distribution  of  light,  as  in  §  217.  Then  repeat  the  same 
test  with  representative  types  of  globes,  shades  and  reflectors  described 
in  §§  240  and  241.  It  is  also  advisable  to  take  photometric  curves  of 
one  and  the  same  globe  with  lamps  having  markedly  different  photo- 
metric curves.  If  an  integrating  photometer  is  available,  absorption 
due  to  a  globe  may  be  determined  directly,  by  measuring  the  mean 
spherical  candle-power  with  and  without  the  globe. 

Report.  Plot  photometric  curves  of  the  globes  and  reflectors  tested, 
as  in  Fig.  215.  Figure  out  the  mean  spherical  intensity  (§§  215  and  216) 
from  a  few  representative  curves,  and  compare  it  to  the  mean  spherical 
intensity  of  the  bare  lamp.  The  ratio  will  give  per  cent  absorption  of 
light  due  to  the  globes.  Give  your  opinion  as  to  the  relative  quality 
of  different  types  tested,  and  the  cases  where  they  should  be  used.* 

243.  Foot-Candle  as  a  Unit  of  Illumination. — If  an  8  candle-power 
lamp  be  placed  two  feet  above  a  desk,  the  lamp  gives  a  certain  illumi- 
nation on  a  small  sheet  of  paper  placed  directly  under  it  on  the  desk. 
A  32  candle-power  lamp  placed  four  feet  above  the  desk,  or  a  2  candle- 
power  lamp  at  a  distance  of  one  foot  from  the  desk,  will  give  practiqally 

'  the  same  illumination  of  the  sheet  of  paper.  The  intensity  of  illumi- 
nation may  be  understood  here,  for  the  time  being,  as  the  facility  with 
which  some  print  may  be  read  on  the  piece  of  paper.  Thus,  the  intensity 
of  illumination  of  a  surface  depends  on  the  candle-power  of  the  lamp 
and  on  its  distance  from  the  surface.  Intensity  of  illumination  pro- 
duced by  a  source  of  one  candle-power  at  a  distance  of  one  foot  from  itf 
on  a  small  surface  perpendicular  to  the  ray}  is  called  the  foot-candle. 
According  to  the  fundamental  law  of  optics,  illumination  decreases 
inversely  as  the  square  of  the  distance:  therefore,  it  takes  a  4  candie^ 

*  In  case  of  concentrating  reflectors,  the  law  of  inverse  squares  does  not  hold,  and 
consequently  the  photometric  curve  varies  for  different  lengths  of  bars:  the  mean 
spherical  candle-power  obtained  by  the  Rousseau  Diagram  is  apt  to  depart  widely 
from  the  truth.  For  example,  a  mirror  reflector,  which  has  a  diamond  surface  effect, 
has  been  found  to  have  an  efficiency  of  98  per  cent,  whereas  the  true  efficiency  can- 
not be  much  over  80  per  cent,  owing  to  the  fact  that  the  light  rays  must  pass 
through  two  layers  of  glass,  and  also  that  silvering  used  in  this  reflector  does  not 
have  a  greater  reflecting  power  than  85  per  cent. 
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power  lamp  to  produce  the  same  illumination  at  a  distance  of  2  feet, 
9  candle-power  at  3  feet,  16  candle-power  at  4  feet,  etc.  In  this  way 
illumination  produced  by  a  source  of  light  of  known  luminous  intensity 
can  be  expressed  numerically  in  foot-candles.  Take,  for  instance,  a 
16  candle-power  lamp  with  a  Holophane  reflector,  shown  in  Figs.  215 
and  216;  let  this  lamp  be  placed  at  a  distance  of  4  feet  above  a  desk. 
The  vertical  intensity  of  light  is  about  60  candle-power;  therefore,  if 
the  lamp  were  placed  at  a  distance  of  one  foot  above  the  desk,  it  would 
produce  an  illumination  of  60  foot-candles.  The  actual  distance  being 
4  feet,  the  illumination  is  reduced  4*  «=  16  times,  or 

60 

intensity  of  illumination  =  —  =  3.75  foot-candles. 

In  general,  if  J  is  the  luminous  intensity  of  a  lamp,  in  candle-power, 
and  d  the  distance  in  feet,  from  a  small  perpendicular  surface  illumi- 
nated by  the  lamp  (or  the  distance  from  lamp  to  surface  illumined) , 

the  normal  intensity  of  illumination   =  —  (in  foot-candles). 

a2 

244.  Calculation  of  Illumination.  —  The  above  formula  gives  the 
intensity  of  illumination  when  the  surface  to  be  illuminated  is  perpen- 
dicular to  the  direction  of  the  rays  of  light.  If  the  surface  is  not  per- 
pendicular, the  illumination  is  reduced  as  the  cosine  of  the  angle  0 
of  deviation  from  the  normal.  This  follows  from  the  fact  that  the 
number  of  rays  of  light  per  unit  surface  is  reduced  in  this  proportion, 
for  obvious  geometrical  reasons.    Thus,  in  general, 

intensity  of  illumination  =  --g  .  Cos  0       (1) 

In  practice,  illumination  is  usually  calculated  for  the  floor,  or  for  a 
horizontal  plane  a  few  feet  above  the  floor.  For  such  cases  the  above 
formula  may  be  modified  as  follows:  Let  h  be  the  vertical  distance 
between  the  center  of  the  lamp  and  the  horizontal  plane  for  which  the 
illumination  is  to  be  determined;  we  have  h  =  d  .  Cos  0.  Substituting 
--tile  value  of  d  into  the  above  formula,  we  find 

horizontal  intensity  of  illumination  «  -75  Cos3  6  (in  foot-candles).     (2) 

Take,  as  an  example,  the  lamp  with  a  reflector,  shown  in  Fig.  215, 
and  assume  it  to  be  placed  8  feet  above  the  floor.  Let  it  be  required  to 
find  the  horizontal  illumination  in  a  plane  3  feet  above  the  floor,  at 
a  point  such  that  the  rays  from  the  lamp  make  an  angle  of  30  degrees 
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with  the  vertical.  From  the  photometric  curve  we  find  that  the 
luminous  intensity  in  this  direction  J  =  26  candle-power;  the  horizontal 
illumination  is  equal  to 


26 


Cos3  30°  =  1.04  X  0.649  -  0.675  foot-candles. 


(8  -  3)2 

The  normal,  or  maximum  illumination  at  the  same  point  is 
26 


(8  -  3)2 


Cos2  30°  -  0.78  foot-candles. 


This  latter  illumination  could  be  obtained,  for  instance,  upon  a  book 
at  the  point  under  consideration,  if  held  in  the  most  advantageous 


Fig.  224.     Sample  of  an  illumination  curve. 

position  with  respect  to  the  lamp.    The  horizontal  illumination  directly 
under  the  lamp  is 

60 


-  3V* 


(8  -  3) 


2.4  foot-candles. 


245.  Illumination  Curves.  —  If  there  is  more  than  one  lamp  in  the 
room,  the  illumination  produced  by  each  one  is  calculated  separately, 
and  the  results  added  from  point  to  point.  Thus,  the  room  shown  in 
Fig.  224  is  illuminated  by  rows  of  lamps  placed  near  the  ceiling.  The 
height  of  all  the  lamps  above  the  floor  being  the  same,  the  horizontal 
illumination  at  any  point,  according  to  the  expression  (2),  is  repre- 
sented by  the  formula 


horizontal  illumination 


pg/Cos30 (2a) 
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The  ordinates  of  the  curve  shown  in  the  sketch  give  the  intensities  of 
illumination:  the  points  of  maximum  illumination  lie  right  below  the 
lamps,  points  of  minimum  illumination  between  the  lamps. 

The  illumination  curves  are  different  in  different  vertical  planes  of 
the  room:  therefore,  it  is  customary  to  supplement  them  by  curves 
showing  distribution  of  illumination  in  the  horizontal  plane.  These 
latter  curves  connect  points  of  equal  illumination  in  the  room,  and  may 
be  properly  called  "isophotal"  curves,  by  analogy  with  "isothermal" 
curves. 

In  planning  the  illumination  of  a  room,  the  designer  assumes  certain 
intensities  of  illumination,  according  to  the  requirements  of  the  room, 
and  places  the  lamps  tentatively,  until  the  desired  intensities  are 
approximately  obtained.     At  the  same  time  lamps  must  be  placed  so  as 


Fig.  226.     Two  dark  rooms  for  demonstrating  relative  advantages  of  various 
globes  and  reflectors. 

! 

to  satisfy  the  artistic  requirements  and  the  convenience  of  wiring  and 
control. 

The  actual  values  of  illumination  are  somewhat  modified  by  reflection 
from  walls  and  ceiling.  It  is  not  possible  at  the  present  state  of  the  art 
to  give  the  necessary  correction,  the  more  so  that  the  influence  of 
reflected  light  varies  greatly  with  the  position  of  the  lamps,  the  color 
and  the  state  of  surface  of  the  walls,  and  the  proportions  of  the  room. 
Professional  illuminating  engineers  assume  in  each  case  some  empirical 
correction  on  the  basis  of  their  previous  experience. 

246.  EXPERIMENT  12-B.  —  Demonstration  Room  Tests.  —  The 
foot-candles  illumination  at  various  points  of  a  room  may  be  measured 
with  sufficient  accuracy  by  photometers  described  below.  It  is  desired, 
however,  that  before  undertaking  such  accurate  measurements,  the 
student  should  observe  the  most  important  effects  of  illumination  in 
their  practical,  physiological  effect  upon  the  eye.  Simple  demonstra- 
tion tests  are  conveniently  performed  by  using  two  small  identical  rooms 
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(Fig.  225)  built  side  by  side,  within  a  larger  dark  room.  The  rooms  may 
conveniently  have  a  floor  area  of  4$  by  Ah  feet,  and  be  about  3  feet  high; 
they  must  be  separated  from  each  other  by  a  partition.  The  rooms  are 
open  in  front,  so  that  the  effect  of  illumination  may  be  observed  or 
photographed. 

A  bare  incandescent  lamp  is  placed  in  one  room,  an  identical  lamp 
provided  with  a  shade  or  a  globe  is  placed  in  the  other  room.  The 
lamps  themselves  are  shaded  from  the  observer  by  a  piece  of  black  card- 
board. The  difference  in  illumination  is  clearly  noticeable  in  the  figure.* 
To  make  it  more  marked,  a  piece  of  paper  is  put  on  the  floor,  with 
letters  of  different  size,  such  as  are  used  in  oculists'  offices.  To  obtain 
a  lasting  record,  the  two  rooms  are  photographed  on  one  plate.  By 
changing  the  location  and  the  size  of  the  lamps,  by  putting  different 
globes  and  reflectors,  by  changing  the  color  and  the  state  of  surface 
of  the  walls  and  the  ceiling,  the  student  will  get  a  practical  conception 
of  the  effect  of  these  factors  on  illumination. 

In  deriving  conclusions  from  the  photographs,  care  should  be  taken 
to  compare  the  two  sides  of  the  same  photograph  only,  and  not  the 
absolute  intensities  of  illumination  in  different  photographs.  The  latter 
may  show  different  relative  illumination  than  is  actually  the  case, 
because  of  differences  in  the  plates  themselves,  and  of  the  peculiar 
conditions  of  illumination  when  pictures  are  taken. 

MEASUREMENT   OF   ILLUMINATION. 

247.  The  problem  of  illumination  consists  (a)  in  determining  the 
necessary  number  of  lamps  and  their  candle-power;  (b)  in  properly 
locating  the  lamps  in  the  room;  (c)  in  selecting  suitable  reflectors  or 
globes.  Lighting  of  small  rooms,  or  places  where  the  requirements  are 
not  strict,  is  designed  on  the  basis  of  simple  every-day  experience. 
Lighting  of  large  public  halls,  theaters,  churches,  etc.,  requires  a  con- 
siderable study  in  each  individual  case.  Designing  an  efficient  illu- 
mination is  in  many  respects  an  art,  which  could  hardly  be  discussed 
here.  There  are,  however,  certain  fundamental  principles  which  admit 
of  numerical  calculations,  and  which  can  be  verified  experimentally. 
Some  of  these  experiments  and  tests  are  described  below. 

Illumination  in  foot-candles  is  measured  by  photometers  of  somewhat 
different  construction  than  those  described  in  Chapter  X.  The  "illu- 
mination "  photometers  must  be  portable  and  self-contained  so  as  to 
be  placed  at  the  points  where  it  is  desired  to  determine  the  illumination. 

*  Fig.  225  is  taken  from  Cravath  and  Lansingh's  book,  entitled  Practical  lUu- 
nination,  by  courtesy  of  the  McGraw  Publishing  Company. 
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The  classical  Weber  photometer  (§  250)  has  been  used  for  such  tests 
for  many  years.  Attention  is  here  called  to  a  convenient  little  instru- 
ment, recently  devised  for  the  same  purpose  by  Mr.  J.  T.  Marshall  of  the 
General  Electric  Company. 

248.  The  Marshall  Luminometer.  —  The  instrument  is  shown  dia- 
grammatically  in  Fig.  226.  It  is  based  on  the  fact  that  the  resistance 
of  an  incandescent  lamp  changes  with  its  candle-power,  so  that  once 
calibrated,  the  candle-power  may  be  determined  by  simply  measuring 
the  resistance  of  the  lamp.  A  low  candle-power,  low-voltage  tungsten 
lamp  is  used  in  the  luminometer,  because  of  the  constancy  of  its  candle- 
power  with  time,  and  also  because  it  has  an  appreciable  temperature 


Carbon  Filament 


Switch 
Fig.  226.     The  Marshall  luminometer. 


coefficient.  The  tungsten  lamp  illuminates  a  Bunsen  screen  (§  205) 
placed  at  a  constant  distance  from  it,  and  constituting  a  part  of  the 
instrument  itself.  This  illumination  is  balanced  by  the  illumination 
of  the  other  side  of  the  screen,  it  being  placed  at  the  point  and  in  the 
direction  where  it  is  desired  to  measure  the  illumination.  The  balance 
is  obtained  by  varying  the  voltage  of  the  tungsten  lamp  by  the  rheostat 
shown  in  the  sketch. 

The  resistance  of  the  tungsten  lamp  is  measured  by  an  arrangement 
similar  to  an  ordinary  slide-wire  Wheatstone  bridge  (Fig.  11).  Two 
high-resistance  carbon  filament  lamps  are  used  as  ratio  resistances; 
the  scale  is  calibrated  direct  in  foot-candles.  The  calibration  is  done  by 
presenting  the  screen  successively  to  different  known  foot-candles  of 
illumination. 

To  determine  the  illumination  at  a  certain  point,  the  instrument  is 
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set  so  that  the  photometric  screen  is  at  the  required  point,  and  in  the 
desired  plane,  say  horizontal.  The  rheostat  in  series  with  the  battery 
is  adjusted  until  an  equal  illumination  is  obtained  on  both  sides  of 
the  screen.  Then  the  exploring  contact  edge  on  one  of  the  galvano- 
meter leads  is  moved  along  the  slide-wire  until  the  galvanometer  returns 
to  zero.  Foot-candles  illumination  are  read  directly  on  the  scale  at 
this  point.  All  the  parts  of  the  instrument,  including  the  battery, 
the  galvanometer  and  the  rheostat  are  mounted  in  a  box,  so  that 
the  instrument  is  absolutely  self-contained,  and  may  be  used  in  any 
location. 

249.  EXPERIMENT  12-C.  —Calibration  and  Use  of  the 
Marshall  Luminometer.  —  The  device  (Fig.  226)  is  calibrated  by 
means  of  a  standard  incandescent  lamp.  The  lamp  is  placed  at 
definite  distances  from  the  screen,  say,  2,  4,  6,  etc.,  feet,  and  a 
balance  is  obtained,  as  explained  above.  Let,  for  instance,  a  16 
candle-power  lamp  be  placed  at  a  distance  of  2  feet  from  the  lumino- 
meter screen;  the  illumination  of  the  screen  is  16  ^  (2)2  =  4  foot- 
candles.  The  point  of  the  scale  at  which  the  galvanometer  balance  is 
obtained,  must  be  marked  4.  Having  calibrated  thes  instrument,  it 
may  be  used  for  a  study  of  distribution  of  illumination  in  a  room  (Fig. 
224).  In  this  particular  experiment  it  is  sufficient  to  investigate  the 
simplest  case,  of  a  room  lighted  by  one  lamp  in  the  center.  Measure- 
ments are  conveniently  made  in  a  horizontal  plane,  about  3  feet  above 
the  floor.  Take  first  a  bare  lamp  and  determine  horizontal  intensities 
of  illumination,  from  a  point  under  the  lamp,  to  one  of  the  walls.  Repeat 
the  same  measurements  with  the  lamp  fixed  at  different  heights,  and  also 
provided  in  succession  with  two  or  three  different  kinds  of  globes  and 
reflectors.  Use  preferably  a  lamp  and  a  globe  of  which  the  photometric 
curves  are  known  (Fig.  215).  If  possible,  this  experiment  should  be 
performed  in  two  identical  rooms,  in  one  of  which  the  walls  and  the 
ceiling  are  painted  (Jull  black,  while  in  the  other  they  offer  light-reflect- 
ing surfaces.  The  same  effect  can  be  obtained  by  temporarily  covering 
the  walls  and  the  ceiling  with  black  cloth. 

Report.  (1)  Give  the  calibration  curve  of  the  luminometer.  (2) 
Plot  curves  of  horizontal  illumination.  (3)  Check  a  few  points  with  the 
theoretical  illumination,  calculated  as  in  §  244.  (4)  Discuss  the 
influence  of  the  walls  and  ceiling. 

250.  The  Weber  Photometer.  —  This  photometer,  like  the  above- 
described  luminometer,  is  primarily  intended  for  measuring  illumi- 
nation, though  it  can  also  be  used  for  measuring  luminous  intensities 
of  primary  sources  of  light.    The  instrument  is  shown  diagrammatically 
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in  Fig.  227;  a  perspective  view  is  given  in  Fig.  228.  We  shall  describe 
it  first  as  it  is  applied  for  measurement  of  the  luminous  intensity  of  a 
lamp,  and  then  will  show  how  to  use  it  for  measurements  of  secondary 
illumination.  The  lamp  L1;  whose  candle-power  it  is  desired  to  deter- 
mine, illuminates  the  opal-glass  screen  ax.  The  standard  benzine  lamp 
L2*  illuminates  another  opal-glass  plate  a2.    The  intensities  of  illunii- 
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Fig.  227.    The  schematic  arrangement  of  Weber's  photometer. 

nation  of  the  two  plates  are  compared  from  c,  through  the  Lummer- 
Brodhun  prisms  p  (§211).  The  plate  a2  is  moved  along  the  tube  T* 
until  a  photometric  balance  is  obtained  (Figs.  195  and  201). 

The  illumination  .of  the  plate  a.\  is  Ji  -s-  di2,  where  J\  is  the  candle- 
power  of  the  lamp  L\  and  dx  its  distance  from  the  plate  ax.     Only  part 

*  The  original  benzine  lamp  may  be  conveniently  replaced  in  some  cases  by  a 
small  low-voltage  tungsten  or  carbon  incandescent  lamp  supplied  with  current  from 
a  portable  battery,  as  in  the  above-described  Marshall  lumioometer. 
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of  this  light  passes  through  the  plate,  so  that  the  above  expression  must 
be  multiplied  by  a  constant  C\.    A  similar  expression  may  be  written 


Fig.  228.     Weber's  photometer. 


for  the  plate  02,"  when  the  observer  sees  the  two  plates  equally  illumi- 
nated, we  have 


C>-£*=C* 


or 


'■=c(£)a <*> 

The  constant  C  comprises  the  candle-power  of  the  benzine  flame,  and 
the  constants  C\  and  C2  of  both  opal  plates.  The  constant  C  is  deter- 
mined empirically,  by  using  a  standard  lamp  in  place  of  L\.  A  few 
plates  ai,  of  different  translucency,  are  supplied  with  the  instrument,  for 
use  with  sources  of  different  intensity. 
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The  tube  T\  can  be  pointed  in  any  desired  direction  and  fastened  by 
a  clamping  device.  The  angle  is  indicated  on  the  divided  sector  seen 
in  Fig.  228.  When  Ty  is  pointed  upward,  it  would  be  impracticable 
to  take  observations  at  c;  a  prism  q  is  used  in  this  case,  and  the  observer's 
eye  is  placed  at  the  point  marked  "  Image."  The  eye-piece  b  is  provided 
with  three  circular  openings:  one  is  covered  with  a  piece  of  red  glass, 
another  with  a  piece  of  green  glass;  the  middle  opening  is  left  blank. 
Colored  glass  is  used  when  the  lights  under  comparison  are  of  different 
tints.  Then  they  are  compared,  once  with  red  glass  and  then  with  the 
green  glass.  Tables  are  given  with  the  instrument  from  which  the  true 
ratio  of  lights  may  be  calculated  from  the  two  settings.  A  flicker  photo- 
meter (§  212)  affords,  however,  a  more  reliable  means  for  comparing 
lights  of  different  color.  The  plate  02  is  moved  by  a  rack  and  pinion; 
the  operating  knob  is  seen  in  Fig.  228  under  the  tube  T2;  distances  d2 
from  the  center  of  the  benzine  flame  are  read  on  the  horizontal  scale. 

The  same  photometer  may  be  used  for  the  determination  of  secondary 
illumination,  by  placing  the  instrument  so  that  the  opal-glass  plate  ai 
is  at  the  desired  point  and  in  the  desired  direction.  The  small  tube 
above  ax  should  be  removed.  When  photometric  balance  is  obtained, 
we  have  according  to  (3), 

illumination  of  a.  -  ^-  -  cY-j-Y      ....     (4) 
di2  \d2/ 

so  that  knowing  C,  the  illumination  can  be  calculated  in  foot-candles. 
If  it  is  not  convenient  to  place  a\  in  the  desired  location,  a  diffusing 
white  screen  (usually  supplied  with  the  instrument)  is  placed  there. 
The  plate  a\  is  removed  altogether,  and  the  illumination  of  the  white 
screen  is  compared  to  that  of  a2.    The  formula  is  again, 

illumination  of  the  white  screen  =  C"  (—- )     ...      (5) 

where  C\  is  another  constant:  it  is  determined  by  illuminating  the  white 
screen  with  a  standard  lamp  at  a  known  distance. 

For  a  more  detailed  description  of  the  Weber  photometer,  and  in- 
structions for  its  use,  see  Stine,  "  Photometric  Measurements,"  p.  78. 

251.  EXPERIMENT  12-D.  —Calibration  and  Use  of  the 
Wieber  Photometer.— The  photometer  (Figs.  227  and  228)  is  calibrated 
by  means  of  a  standard  incandescent  lamp.  The  lamp  is  placed  at 
known  distances  dx  =  1, 2,  3,  etc.,  feet  from  the  upper  glass  plate  a\,  and 
photometric  balance  is  obtained.  All  quantities  in  the  expressions  (3) 
and  (4)  being  known,  the  constant  C  may  be  calculated.  Calibrate  in 
this  way  a  few  plates  supplied  with  the  instrument.     Before  using  the 
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photometer,  see  that  the  benzine  lamp  is  adjusted  according  to  the 
directions  given  by  the  manufacturer,  especially  that  the  height  of  the 
flame  is  correct.  Have  the  lamp  burning  for  10  or  15  minutes  before 
beginning  the  measurements.  Determine  the  constants  of  the  instru- 
ment when  a  small  incandescent  lamp  is  used  in  place  of  the  benzine 
flame.  After  this,  determine  the  constant  C"  of  the  white  screen  sup- 
plied with  the  instrument,  and  the  limits  within  which  this  constant  is 
independent  of  the  distance  of  the  screen,  and  of  the  angle  at  which 
the  photometer  is  placed  relative  to  the  screen.  Take  a  few  readings 
with  the  red  and  the  green  glasses,  and  see  to  what  extent  the  settings 
are  different  from  those  obtained  with  the  blank  aperture. 

Having  calibrated  the  instrument,  it  may  be  used  for  exploring  the 
illumination  of  a  room,  in  the  same  way  as  in  §  249.  As  another  appli- 
cation, determine  the  distribution  of  illumination  produced  in  a  large 
room  by  daylight.  Also  measure  the  illumination  on  a  street  lighted 
with  arc  lamps.    The  report  is  similar  to  that  described  in  §  249. 

252.  EXPERIMENT  12-E.  —  Determination  of  Standard  Values 
(Norms)  of  Illumination.  —  When  designing  the  illumination  of  a 
room,  some  basis  must  be  had  for  determining  the  number  and  the 
size  of  lamps  and  their  location.  This  is  done  by  assuming  so  and  so 
many  candles  per  square  foot  of  the  floor,  or  per  cubic  foot  of  the  room. 
Or  else  values  are  given  in  terms  of  foot-candles  of  illumination.  Careful 
illuminating  engineers  usually  check  their  designs  by  means  of  all  three 
types  of  units.  The  values  vary  according  to  the  size  and  the  use  of 
the  room,  quality  of  the  illumination  desired,  etc.  The  experiment 
described  below  is  intended  to  develop  the  judgment  of  the  student  in 
this  respect. 

The  tests  should  be  performed  in  the  evening,  in  a  medium-sized  room. 
The  wiring  must  be  planned,  so  that  it  is  easy  to  vary  the  position  and 
the  number  of  lamps.  Assume  the  room  to  be  intended  for  a  certain 
purpose,  say  for  lectures:  place  a  few  lamps  with  reflectors  or  globes  in 
the  most  efficient  way.  Vary  their  number  and  distribution,  gradually 
passing  through  the  degrees  of  illumination,  which  may  be  called:  dull, 
medium,  good,  bright,  and  brilliant.  Determine  in  each  case  candle- 
power  per  square  foot  and  per  cubic  foot,  also  measure  the  intensity 
of  illumination  in  foot-candles,  as  in  §§  249  and  250.  In  performing 
these  tests,  keep  in  mind  that  the  purpose  is  not  to  light  the  room 
actually,  but  to  get  standards  (norms)  for  design;  therefore  use  your 
judgment  in  modifying  the  norms  where  the  conditions  in  the  room  are 
different  from  those  actually  met  with  in  practice. 

After  this,  determine  in  the  same  room  the  norms  for  various  other 
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purposes:  for  lighting  a  parlor,  a  dining-hall,  a  library,  a  store,  a  draft- 
ing-room, an  office,  a  workshop,  etc.  In  each  case  determine  the  limits 
of  illumination  that  might  be  characterized  as  dull,  good,  and  brilliant. 
Also  distinguish  between  a  general  illumination  and  the  illumination  for 
a  specific  purpose,  such  as  lighting  a  dining-room  table,  a  desk,  a  counter, 
etc. 

In  performing  this  experiment  the  student  must  rely  entirely  on  his 
own  judgment  and  try  to  develop  it  in  the  matters  of  illumination. 
Care  should  be  taken  to  rest  one's  eyes  from  time  to  time,  and  avoid 
quick  changes  in  illumination,  which  may  bias  the  judgment. 

253.  EXPERIMENT  12-F.  —  Exercises  in  Lighting  Rooms.  - 

The  exercises  specified  below,  are  intended  for  a  practical  application  of 
the  principles  of  illumination  treated  in  §§  240  to  252.  Begin  with  a 
rather  small  room,  suitable  for  use  as  a  living-room,  a  parlor,  a  dining- 
room,  or  a  small  office.  Place  a  few  incandescent  lamps,  as  you  think 
best,  for  the  desired  quantity  and  distribution  of  light.  Use  the  norms 
of  illumination  determined  as  in  §  252,  or  taken  from  a  hand-book. 
Measure  the  actual  illumination  at  a  few  points  by  means  of  the  Marshall 
luminometer,  or  the  Weber  photometer,  and  compare  it  to  the  calculated 
intensity  of  illumination.  Try  a  few  different  arrangements  of  lamps, 
with  various  shades  and  globes;  compare  critically  the  results  obtained, 
in  regard  to  efficiency,  convenience,  and  the  artistic  appearance.  Work 
in  one  room  until  a  satisfactory  solution  of  the  problem  is  found.  Then 
take  a  larger  room,  suitable  for  public  gatherings,  or  to  be  used  as  a 
restaurant,  a  workshop,  etc.,  and  again  work  out  the  problem  of  its 
illumination.  Good  practical  suggestions  for  lighting  rooms  may  be 
found  in  the  second  part  of  a  book  on  Practical  Illumination  by 
Cravath  and  Lansingh,  beginning  with  Chapter  XVI. 

Report.  Make  drawings  of  the  rooms,  showing  the  most  efficient 
location  for  the  lamps;  mark  the  kind  of  lamps  and  reflectors  used. 
Give  the  measured  illumination,  in  the  form  of  curves  shown  in  Fig. 
224,  as  well  as  isophotal  curves.  Check  the  illumination  by  means  of 
photometric  curves  (§  244);  compare  the  actual  amount  of  light  used 
with  the  values  deduced  in  §  252. 

254.  EXPERIMENT  12-Q.  —  Effect  of  Color  of  Illuminants.  — 

This  experiment  is  intended  to  be  a  demonstration,  rather  than  an 
accurate  test,  the  effect  of  color  being  purely  subjective.  Accurate 
investigations  on  the  effect  of  color  belong  in  the  domain  of  spectro- 
photometry, which  so  far  has  not  been  applied  for  practical  purposes. 
The  question  of  color  is  of  importance  in  dry-goods  stores,  in  places 
where  chemical  reactions  are  watched  by  their  color;  also  in  luxurious 
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residences,  picture  galleries,  etc.  Take  a  few  pieces  of  a  fabric,  or  a  few 
bottles  of  some  colored  chemical,  say  red,  and  place  them  side  by  side 
in  inclosures,  each  illuminated  by  a  different  kind  of  light.  As  such 
may  be  taken:  a  kerosene  lamp,  a  gas  burner  with  and  without  mantle, 
an  acetylene  burner,  a  Nernst  lamp,  and  a  few  incandescent  lamps  with 
carbon,  tantalum  and  tungsten  filaments.  If  possible,  use  also  an 
enclosed  arc  lamp,  a  luminous  (flaming)  arc,  and  a  mercury-vapor  lamp. 
Observe  the  differences  in  color  of  the  test  pieces;  note  the  effect  of  a 
white  and  of  a  black  background.  Try  to  have  the  intensity  of  illu- 
mination as  far  as  possible  the  same  in  all  cases,  by  interposing  opal 
screens,  or  smoked  glass.  Compare  in  this  way  samples  of  different 
color  —  yellow,  green,  blue,  etc.  —  and  see  which  color  is  distorted  the 
most  with  each  kind  of  illuminant.  Describe  your  findings  as  definitely 
as  possible. 


CHAPTER  XIII. 

TRANSMISSION  LINES. 

255.  Electric  power  is  usually  generated  in  places  more  or  less 
remote  from  where  it  is  used;  therefore  a  transmission  line  is  a  necessary 
link  between  the  generating  station  and  the  current-consuming  devices. 
Where  current  is  consumed  in  many  places,  as,  for  instance,  in  the 
various  houses  of  a  town,  wires  supplying  power  to  separate  houses 
constitute  the  distributing  network,  to  which  the  transmission  lbe  is 
connected  at  suitable  places.  Strictly  speaking,  there  is  no  marked 
distinction  between  a  transmission  line  and  a  distributing  line;  the 
subdivision  is  introduced  here  merely  to  indicate  simple  lines  with 
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Fig.  229.    A  simple  diagram  of  electric  power  transmission. 

power  consumption  at  the  end  only  (transmission  lines),  and  com- 
plicated networks  of  conductors  with  power  tapped  off  at  different 
places  (distributing  lines).  A  transmission  line  may  be  compared  to  a 
trunk  railway,  delivering  goods  at  the  end  only;  while  distributing  lines 
are  analogous  to  a  system  of  local  branched  railways,  delivering  goods  at 
a  great  many  places  within  a  comparatively  small  area.  Electrical 
properties  of  distributing  lines  are  considered  in  Chapter  XIV. 

256.  Formula  for  Voltage  Drop.  —  The  problem  of  electrical  rela- 
tions in  a  direct-current  transmission  line,  in  its  simplest  aspect,  may 
be  represented  thus:  W  kw.  (Fig.  229)  are  to  be  delivered  at  B,  which 
is  I  miles  distant  from  a  power  house  situated  at  A;  the  pressure  at  B 
must  equal  e  volts.  The  pressure  E  at  A  must  be  somewhat  higher, 
to  compensate  for  the  loss  in  the  line.  It  is  required  to  compute  the 
cross-section  of  the  line  conductors.  This  cross-section  depends  on  the 
loss  allowed  in  the  line:  the  larger  the  permissible  loss  or  drop  of  pres- 
sure, the  smaller  and  less  expensive  becomes  the  line.  There  are, 
however,  several  limitations  as  to  the  allowable  loss  in  the  line;  these 
are  discussed  in  §  257. 

292 
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Generally  speaking,  the  problem  is  solved  by  merely  applying  Ohm's 
law  to  the  given  case;  but  for  practical  purposes  this  general  law  can 
be  reduced  to  more  specific  expressions,  which  bring  into  prominence 
the  relations  between  the  voltage  drop  and  the  cross-section  of  the 
line.  Let  the  resistance  of  a  wire  1  foot  long  and  having  a  cross-section 
of  one  circular  mil  be  b  ohms;  then  the  resistance  of  a  single  wire  I 
feet  long  and  of  a  cross-section  of  q  circular  mils  will  be 

bl 

The  line  current  i  =»  W  -*-  e,  so  that  total  voltage  drop  in  the  line  is 

2bli  2blW 

or    

q  qe 

Let  p  be  per  cent  drop,  or  the  ratio  of  the  voltage  drop  in  the  line  to 
the  receiver  voltage  e.     From  the  above  formula  it  follows  that 

„       200  bl  W 

Two  unknown  quantities  usually  enter  into  the  practical  problems: 
the  cross-section  q  of  the  wire,  and  the  permissible  voltage  drop  p. 
From  the  above  formula  the  product 

M       2006ZTF      200  bli (1) 

M=_ _ 

can  be  figured  out  for  any  given  case;  the  selection  of  the  proper  values 
for  p  and  q  is  left  to  the  sound  judgement  of  the  designer.  In  this 
selection  he  is  guided  by  the  three  considerations  discussed  in  the  next 
article:  voltage  regulation,  energy  loss,  and  the  limit  of  temperature 
rise.  Here,  as  in  most  practical  problems,  an  infinite  variety  of  solu- 
tions are  possible;  engineering  skill,  feeling,  and  previous  experience 
have  to  supply  the  lack  of  exact  mathematical  relations. 

257.  Practical  Limits  of  Voltage  Drop.  —  The  principal  considera- 
tions to  be  kept  in  mind  when  selecting  the  per  cent  drop  p  in  the 
formula  (1)  are: 

(1)  Voltage  regulation  at  the  receiver  end.  The  higher  the  loss  in 
the  line  the  more  difficult  it  becomes  to  maintain  constant  voltage  at 
B  when  the  load  varies.  The  drop  in  the  line  is  proportional  to  the 
load,  so  that  at  full  load  the  voltage  at  B  may  be  considerably  lower 
than  that  at  A,  while  at  light  loads  the  two  voltages  are  approximately 
equal  to  each  other.    As  the  switchboard  attendant  in  the  power  house 
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cannot  always  follow  the  fluctuations  of  the  load  and  adjust  the  voltage, 
the  pressure  at  B  varies  with  the  load.  If  the  voltage  drop  and  fluctua- 
tions of  pressure  exceed  a  certain  limit,  the  line  gives  a  poor  service, 
particularly  for  incandescent  lamps. 

The  per  cent  difference  in  voltage  (at  the  receiving  end  of  the  line) 
at  full  load  and  at  no  load  is  called  the  regulation  of  the  line.  Suppose 
the  voltage  at  the  receiving  end  to  be  200  volts  at  full  load,  and  assume 
the  voltage  drop  in  the  line  itself  to  be  14  volts;  the  generator  voltage 
is  then  214  volts.  When  the  load  is  thrown  off  and  the  same  generator 
voltage  kept  as  before,  the  voltage  at  the  receiving  end  rises  to  214 
volts.     By  definition,  the  regulation  of  the  line  is 

214  -  200       ^ 

— — =  7  per  cent. 

200  ^ 

(2)  Energy  loss  in  the  line.  The  higher  the  loss  allowed  in  the  line 
the  smaller  is  the  original  investment  in  the  line  copper;  but  this  is 
counter-balanced  by  a  continual  loss  of  energy  in  the  line.  If  the  price 
of  coal  is  high,  it  may  be  cheaper  in  the  end  to  use  a  large  cross-section 
of  conductors,  in  order  not  to  lose  too  much  energy  as  PR  heat  in  the 
line.  If  cheap  and  abundant  water-power  is  available,  a  smaller  cross- 
section  may  be  more  economical.  The  most  economical  cross-section 
and  loss  in  the  line  must  be  determined  in  each  case  separately,  accord- 
ing to  the  local  conditions. 

(3)  Temperature  rise  in  conductors.  Having  determined  the  cross- 
section  of  the  conductors  so  as  to  satisfy  the  two  above-named  condi- 
tions, it  still  remains  to  determine  if  the  conductor  selected  can  carry 
the  current  without  excessive  heating.  The  smaller  the  cross-section 
the  less  current  the  conductor  can  carry  safely.  The  safe  carrying 
capacity  of  conductors  has  been  determined  by  experiments;  the  results 
are  given  in  various  engineering  pocket-books,  in  Fire  Underwriters' 
Rules,  etc.  If  the  conductor  selected  is  too  small  for  the  current,  one 
of  the  next  larger  sizes  of  wire  must  be  taken,  which  can  stand  the 
current  without  excessive  heating. 

258.  Factors  Influencing  Voltage  Drop  in  Transmission  Lines.— 
Formula  (1)  shows  that  the  voltage  drop  p  depends  on  five  variables: 

(1)  Load  W; 

(2)  Length  I  of  the  line; 

(3)  Its  cross-section  q; 

(4)  Transmission  voltage  e; 

(5)  Specific  resistance  b  of  the  material. 
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The  influence  of  each  of  these  factors  should  be  studied  separately. 
The  first  two  factors  are  considered  in  Experiment  13-A;  the  next  two 
in  Experiment  13-B.  This  subdivision  is  made  because  voltage  drop 
increases  with  the  load  and  with  the  length  of  the  line  (Fig.  231),  and 
decreases  with  the  increase  in  cross-section  and  the  voltage  (Fig.  232). 
The  influence  of  the  material  may  be  investigated  in  connection  with 
either  experiment. 

In  alternating-current  transmission  lines,  voltage  drop  depends,  in 
addition,  upon 

(6)  Power  factor  of  the  load; 

(7)  Inductance  and  capacity  of  the  line  itself. 


i 


j -a 

0Am 


i 


23- 
20- 


-*- 


-''WOOTWOW^ 


kBtto<nrwow 


I, 


^£ 


-1 


Fio.  280.    A  laboratory  arrangement  for  studying  electrical  relations  in 
transmission  lines. 


The  influence  of  these  two  factors  is  studied  in  Experiments  13-D, 
13-E,  and  13-F. 

259.  Experimental  Lines.  — The  practical  import  and  the  physical 
meaning  of  the  deductions  made  in  §§  256  and  257  can  be  best  studied 
on  a  few  experimental  lines  strung  in  the  laboratory.  The  materials 
used  in  actual  lines  are  copper  and  aluminum.  These  should  be 
replaced  in  the  laboratory  lines  by  iron  and  German  silver  wires  which 
have  a  considerably  higher  resistance;  this  is  necessary  in  order  to 
obtain  a  sufficiently  large  voltage  drop  on  comparatively  short  distances. 

A  convenient  arrangement  of  experimental  lines  is  shown  in  Fig. 
230.    The  lines  form  a  loop,  so  that  the  generating  and  the  receiving 
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end  are  brought  together.  The  drop  along  the  line  is  read  directly  on 
the  low-scale  voltmeter  DV.  One  of  the  line  wires  is  replaced  by  a 
bus-bar  of  negligible  resistance  (artificial  ground),  in  order  to  simplify 
the  measurements.  Any  desired  number  of  lines  may  be  provided 
between  the  generator  and  the  receiver  bus-bars,  and  each  may  be  used 
by  inserting  the  plug  in  one  of  the  receptacles  p.  A  voltmeter  V  is 
provided  for  measuring  the  pressure  at  the  two  ends  of  the  line.  The 
ammeter  Am  in  the  return  bus-bar  measures  the  line  current.  An 
indicating  wattmeter  may  be  connected  into  the  circuit,  if  desired;  its 
current  winding  must  be  in  series  with  the  ammeter,  and  the  potential 
winding  either  across  the  load,  or  across  the  generator  bus-bars. 


Fig.  231.    Influence  of  distance  of  transmission  on  voltage  regulation 
of  a  transmission  line. 


The  voltage  of  the  supply  is  regulated  either  by  the  field  rheostat 
of  the  generator,  or  by  a  rheostat  in  series  with  the  line.     A  short- 
circuiting  switch  S  is  provided  for  changing  the  length  of  one  of  the 
"  lines,  if  desired. 

The  influence  of  the  seven  factors  enumerated  in  §  258  may  be  con- 
veniently studied  on  this  model. 

260.  Experiment  13-A.  — Influence  of  Load  and  of  Distance  of 
Transmission  on  Voltage  Regulation  of  a  Line.  — The  purpose  of  the 
experiment  is  to  verify  some  of  the  relations  expressed  by  formula  (1) 
in  §  256.  The  experimental  lines  may  be  conveniently  arranged  as  in 
Fig.  230;  some  of  the  results  are  plotted  in  Fig.  231. 
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The  voltage  at  the  receiver  end  is  kept  constant;  the  load  is  varied 
from  zero  to  a  practicable  maximum.  Read  amperes,  volts  at  both 
ends,  and  the  voltage  drop  along  the  line  on  the  low-scale  voltmeter 
DV.  Take  two  or  three  other  lines  of  the  same  material  and  same 
cross-section,  but  of  a  different  length;  repeat  the  same  test.  Finally 
perform  a  similar  test  on  a  line  of  different  material.  Before  leaving 
the  laboratory  measure  the  cross-section  and  the  lengths  of  the  lines 
experimented  upon;  ascertain  the  material  of  which  they  are  made. 

Report.  Plot,  for  each  line,  to  amperes  load  as  abscissae :  voltages  at 
the  generator  and  the  receiver  ends;  also,  to  a  larger  scale,  the  difference 
of  these  voltages,  from  the  readings  on  the  low-scale  voltmeter.    Plot 


Crou-Mctlon  In  circular  mils. 
Fig.  282.    Influence  of  cross-section  of  a  transmission  line  on  its  voltage,  regulation. 


per  cent  regulation  as  explained  in  §  257.  Combine  these  curve  sheets 
into  one,  as  shown  in  Fig.  231,  for  the  largest  load  used  during  the 
experiment.  Take  per  cent  regulation  of  the  longest  line  and  figure 
out  the  weights  of  shorter  lines,  which  would  give  the  same  per  cent 
regulation.  The  result  is  a  parabola,  shown  by  dotted  lines.  Explain 
that  the  weight,  or  the  cost  of  the  line  conductor  increases  as  the  square 
of  its  length,  with  the  same  load  and  same  per  cent  regulation.  For 
one  of  the  lines  figure  out  b  from  formula  (1);  check  the  value  obtained 
with  that  given  for  the  same  material  in  engineering  pocket-books. 

261.   EXPERIMENT    13-B.  —Influence  of   the  Transmission 
Voltage  and  of  the  Cross-Section  of  a  Line  on  its  Regulation.  — 

This  experiment  is  similar  to  the  preceding  one,  save  that  the  trans- 
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mission  voltage  and  the  cross-section  of  the  line  are  varied,  while  the 
load  and  the  length  of  the  line  are  kept  constant. 

Of  the  several  experimental  lines  of  the  same  length  (Fig.  230),  take 
the  one  having  the  smallest  cross-section,  and  put  on  a  certain  load 
at  the  lowest  practicable  voltage.  Read  volts,  amperes  and  voltage 
drop.  Gradually  increase  the  voltage  at  the  generating  end;  at  the 
same  time  reduce  the  line  current,  so  as  to  keep  kilowatts  load  con- 
stant. Repeat  the  same  experiment  on  two  or  three  lines  of  different 
cross-section  and  material.  A  greater  variety  of  cross-sections  is 
obtained  by  using  two  or  more  lines  in  parallel.  Before  leaving  the 
laboratory,  measure  the  cross-sections  and  the  lengths  of  the  lines 
experimented  upon,  and  inquire  about  the  material  of  which  they 
are  made. 

Report.  Plot  to  receiver  voltages  as  abscissae:  generator  voltage, 
line  drop,  per  cent  regulation  (§  275),  line  current.  Verify,  that  the 
product  pe2  is  constant  for  each  curve,  according  to  formula  (1). 

Combine  the  curve  sheets  into  one  for  a  certain  value  of  the  receiver 
voltage,  as  shown  in  Fig.  232.  Add  curves  of  weight  and  resistance  of 
the  line.  Check  the  value  of  b  obtained  from  the  test  data  with  the 
value  given  for  the  same  material  in  engineering  pocket-books. 

262.  Branched  Transmission  Lines.  —  In  many  cases  power  gener- 
ated in  a  power  house  has  to  be  transmitted  to  several  localities.    If 

independent  transmis- 
sion lines  are  used  for 
each  locality,  the  prob- 
lem is  solved  for  each 
iy  gt  i y^    x'  ^  Jv-o    transmission   line   sepa- 

rately. Sometimes,  how- 
ever, it  is  more  economi- 
cal to  use  a  common 
transmission  line  for  at 

Fio.  283.    Branched  transmission  line.  ^  a  Part  of  the  wa* 

(Fig.    233),    and    then 

divide  it  into  several  branches.     Fig.  4  represents  a  case  where  power 

generated  at  A  is  transmitted  by  a  common  line  to  D,  and  thence 

branched  to  towns  B  and  C. 

The  problem  here  is  to  determine  the  cross-sections  of  the  three  parts 

of  the  transmission  line,  so  that  the  weight  of  copper  be  a  minimum, 

for  a  given  total  drop  of  voltage  between  A  and  C,  or  A  and  B. 

Assume  as  before  the  voltage  at  B  (and  at  C  as  well)  to  be  e,  and  the 

total  drop  between  A  and  B  to  be  p  per  cent,  as  before.    The  only 

unknown  quantity  is  the  per  cent  drop  z  between  A  and  D;  if  this  be 
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known,  the  per  cent  drop  (p  —  x)  in  the  branches  DB  and  DC  will 
also  be  known;  each  conductor  can  then  be  calculated  separately  by 
the  fundamental  formula  (1)  given  above.  The  drop  x  can  be  calcu- 
lated as  follows:  On  the  basis  of  formula  (1)  we  have: 

xq-mM       (2) 

€ 

also 

(p  -  *)  ?i  -  — -^i 

and 

/«       ~\  *         200  %2bl2  .  /m 

(p  -  x)  q2  =    -*-*-; (3) 

e 

The  total  weight  of  the  line  conductors  is  proportional  to 

P  -  ql  +  ft*i  +  9sk\ 

substituting  the  values  for  q}  ft,  q2  from  the  above  equations,  we 

obtain: 

_P_  « **?  +     tiMi2     +      taW 
200       ex       e  (p  —  x)       e  (p  —  a:)" 

j  p 

The  weight  is  a  minimum,  when  —  »  0,  or 

ax 

fl2   .        tiZi2        .       t*2k2      ^Q 
x2       (p-x)2       (p-x)2 
whence 


Vp-  x/ 


tf2 


n/i2  +  t2fe2# 


This  equation  gives 
and  finally 


V 


x      _     I        iP 

-  X         V  ij/jZ  +  i2l22 


x  =  p-rta    (4> 

where  a  is  introduced  for  the  sake  of  brevity.  The  drop  x  is  calculated 
from  this  equation;  the  cross-sections  of  the  three  parts  of  the  line  are 
figured  out  from  formula  (2)  and  (3). 

In  checking  these  relations  experimentally  it  is  absolutely  essential 
that  the  drop  A  —  B  be  the  same  as  A  —  C,  since  this  condition  was 
presupposed  to  be  fulfilled  in  deducing  the  rule  of  copper  economy. 
In  order  to  be  sure  that  this  is  actually  fulfilled  during  the  test,  it  is 
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advisable  to  have  a  low-reading  voltmeter  connected  between  B  and 
C  (Fig.  233) ;  the  load  is  adjusted  so  that  this  voltmeter  reads  zero.  Or 
else,  a  low-resistance  wire  can  be  connected  between  B  and  C,  so  as  to 
equalize  the  voltages. 

263.  EXPERIMENT  13-C.  —  Rule  of  Minimum  Copper  in 
Branched  Transmission  Lines.  —  The  experiment  is  intended  to 
illustrate  the  relations  derived  in  the  preceding  article.  Several  ex- 
perimental lines,  or  ordinary  resistances  of  uniform  material,  should 
be  provided  in  the  laboratory,  and  connected  as  in  Fig.  233. 

(a)  Take  a  combination  of  three  lines,  and  by  trials  so  adjust  the 
load  in  both  branches  that  the  condition  (4)  is  approximately  fulfilled. 
Vary  the  load  in  the  two  branches  so,  that  the  total  drop  p  remains 
constant.  Read  volts,  amperes  and  drops  p  and  x.  Note  the  value 
of  q  and  I  in  the  three  branches,  (b)  Take  another  set  of  readings, 
keeping  the  total  current  i  constant,  but  varying  i\  and  i2.  (c)  Repeat 
the  same  experiment  under  different  conditions,  viz.,  different  lengths, 
different  cross-sections  of  the  lines,  etc. 

Report.  Show  from  the  first  series  of  readings,  that  when  (4)  is  ful- 
filled, maximum  amount  of  power  is  delivered  through  a  given  line 
with  the  same  drop  p.  From  the  second  set  of  readings  prove,  that 
a  given  amount  of  power  is  delivered  with  the  minimum  drop  in  the 
line,  when  (4)  is  fulfilled. 

ALTERNATING-CURRENT   TRANSMISSION    LINES. 

264.  The  electrical  relations  deduced  in  §  256  for  direct-current 
lines  are  modified  in  alternating-current  lines  by  the  influence  of  induct- 
ance and  capacity,  either  in  the  load  or  in  the  line  itself.*  These  factors 
will  be  taken  up  in  detail  in  the  following  articles.  All  deductions  that 
are  made  there,  and  the  experiments  specified,  are  for  single-phase 
lines.  The  results  may  be  applied  to  two-  and  three-phase  lines,  keep- 
ing in  mind  the  following  relations,  deduced  in  Chapter  XX. 

(a)  A  two-phase  line  can  be  considered  as  a  combination  of  two 
independent  single-phase  lines,  A  A'  and  BB',  each  carrying  one  half 
of  the  load  (Fig.  234).  The  cross-section  of  each  conductor  is  only 
one  half  of  what  it  would  be  for  a  single-phase  line;  but  as  there  are 
four  conductors  instead  of  two,  the  total  weight  of  the  line  is  the  same 
as  with  the  single-phase  line. 

(b)  A  three-phase  line  can  be  considered  as  a  combination  of  two 
lines,  say  AB  and  CB  (Fig.  235),  the  conductor  B  being  their  common 

*  The  following  treatment  presupposes  on  the  part  of  the  reader  a  knowledge  of 
the  fundamental  relations  established  in  Chapters  V  and  VI. 
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Fig.  234.    A  two-phase  power  transmission. 
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Fig.  235.     A  three-phase  power  transmission. 


return  wire.  Therefore  A  and  C  need  only  have  one  half  the  cross- 
section  of  a  single-phase  line  carrying  the  same  total  load  W.  The 
wire  B  must  have  the 
same  cross-section  as 
either  A  or  C,  because 
(in  a  three-phase  sys- 
tem) the  return  current 
is  equal  to  each  of  the 
line  currents,  and  any 
of  the  three  wires  can  be 
considered  as  a  return 
wire.  From  this,  it  follows  that  total  weight  of  the  conductors  in  a 
three-phase  line  is  but  75  per  cent  of  the  weight  of  an  equivalent  single- 
phase  line. 
Thus,  whether  you  have  a  three-phase  or  a  two-phase  line,  figure 

the  cross-section  of  the  con- 
ductors, as  if- it  were  a  single- 
phase  line  having  the  same 
total  load  W,  the  same  dis- 
tance of  transmission  and 
the  same  permissible  voltage 
drop.  Then,  for  polyphase 
transmission  use  wires  of  one  half  cross-section,  —  four  wires  for  the 
two-phase  line,  three  wires  for  the  three-phase  line  (see  also  §  443). 

265.   Influence  of  the  Power  Factor  of  the  Load.  —  Assume  first 
that  the  line  has  ohmic  resistance  only,  but  no  inductance  or  capacity; 
the  load,  however,  is  partly  inductive   (§  96). 
The  relations  expressed  by  the  formula  (1)  for 
direct  current   may  be  represented  here  by  the 
triangle  OAB  (Fig.  236).    Let  OB  be  the  vector 
of  the  receiver  voltage  e,  OC  that  of  the  current 
i,  lagging  behind  the  voltage  by  an  angle  <f>, 
which  depends  on  the  properties  of  the  load.    The 
voltage  drop  ir  in  the  line  can  be  represented  by 
a  line  BA  parallel  to  the  direction  of    the  cur- 
rent vector  OC;  r  is  the  total  ohmic  resistance  of 
the  line.    The  geometrical  sum  of  OB  and  BA'is 
equal  to  OA,  and  represents  the  voltage  E  in  the 
power  house.     It  will  be  seen  from  this  diagram 
that  the  voltage  drop,  AB,  in  the  line  is  subtracted 
geometrically  from   the  station   voltage   E,   instead  of  algebraically, 
as  in  the  case  of  direct  currents.    From  the  triangle  OAB,  we  have 
£2  .  e2  +  J?,*  +  2  ire  Cos.  <f>. 


Fig.  236.  Voltage  drop 
in  a  transmission  line, 
at  a  partly  inductive 
load. 
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This  formula,  or  the  diagram,  Fig.  236,  takes  the  place  of  the  simpler 

relations  for  direct-current  lines.     Suppose,  for   instance,  that  it  is 

desired    to    figure  the  cross-section  of   a  transmission 

line,  under  the  condition  that  the  power  W  is  consumed 

at  a  given  power  factor  Cos  <f>  and  at  a  given  voltage  e; 

the  voltage  drop  in  the  line  must  not  exceed  p  per  cent 

W 

of  e.  First  determine  the  line  current  i  =  — :  then 

eCos0 

construct  OB  and  OC,  and  from  0  strike  an  arc  of  a 

circle  with  a  radius  E  =*  (1   -f  V 1 100)  e.     Draw  the 

line  BA  parallel  to  OC;  the  point  A  of  its  intersection 

with  the  arc  gives  the  length  BA  =  ir.      Knowing  i, 

Fio.  237.    Volt-  the  resistance  r  of   the  line  can   thus  be  determined, 

age    drop    in  and  the  cross-section  of  the  conductor  found  from  the 

a  transmission     familiar  formula 

line  at  a  totally  2&Z 


c-* 


inductive  load. 


r  = 


It  will  be  seen  from  Fig.  236  that  in  case  of  an  inductive  load,  per  cent 
voltage  drop  AB  -r-  OB  and  per 
{OA  -  OB) 


cent  regulation-1 — Tj-g are 

different.  Take,  for  instance, 
the  extreme  case  of  a  purely 
inductive  load  (Fig.  237),  and 
suppose  that  the  line  drop 
BA  is  equal  to  30  per  cent  of 
OB.  Then  the  voltage  E  in 
the  power  house 


drop 


0  A  =  Ve2  +  (0.30  e)2 

=  «\/r09  =  1.044  e; 

in  other  words,  the  difference 
between  E  and  e,  or  the  regu- 
lation, is  4.4  per  cent,  while 
the  line  drop  is  30  per  cent. 
If  the  load  were  non-induc- 
tive the  voltage  E  should  be 
30  per  cent  higher  than  e,  as 
shown  by  the  vector  OAr. 
This  should   not  be  under- 


CDirent 


Fig.  238.   Influence  of  the  power-factor  of  the 
load  on  the  voltage  drop  in  a  transmission  line. 


stood,  however,  in   the  sense  that    the  lower   the  power  factor  the 
more  favorable  are  the  conditions  for  transmitting  power.    On  the 
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contrary,  a  lower  power  factor  means  a  higher  current  with  the  same 
power  transmitted;  therefore  a  larger  line  drop  and  a  larger  PR  loss; 
this  case  is  taken  up  in  the  next  article. 

266.  Constant  Power  Transmitted  at  Different  Values  of  Power 
Factor.  —  A  diagram  corresponding  to  this  case  is  shown  in  Fig.  238: 
the  curves  in  Fig.  239  illustrate  the  result.  06  =*  i  again  represents  the 
line  current.  It  consists  of  the  working  (or  power)  component  Oa  =  t'i, 
which  is  in  phase  with  the  voltage  OK  =  e  at  the  terminals  of  the  load, 
and  of  the  wattless  component  ab  —  to  perpendicular  to  0  K.     The 


Fio.  289.     Curves  showing  the  effect  of  a  varying  power  factor  of  the  load  on  the 
regulation  of  a  transmission  line. 


vector  KB  «  ir  of  the  voltage  drop  in  the  line  is  parallel  to  i;  OB 
represents  the  generator  voltage  E. 

If  the  power  delivered  to  the  load  is  constant,  the  working  component 
Oa  =  t\  is  constant.  Changes  in  total  current  i  are  caused  by  varia- 
tions in  the  wattless  component,  which  becomes,  successively,  ae,  ad,  .  . 
as  the  power  factor  of  the  load  decreases.  The  corresponding  voltage 
drop  in  the  line  also  increases,  and  assumes  the  values  KC,  KD.  The 
generator  voltage  becomes  0Cy  OD,  ...  At  a  power  factor  of  100 
per  cent,  total  current  i  is  equal  to  the  working  component  i'i;  line  drop 
is  represented  by  KA,  the  generator  voltage  =  OA. 

The  values  of  OB,  0  K  and  Ob  are  plotted  in  the  form  of  curves  in 
Fig.  239;  the  regulation  curve  gives  per  cent  increase  of  OB  over  OK. 
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267.  EXPERIMENT  13-D.  —  Influence  of  the  Power  Factor 
of  the  Load  on  Voltage  Regulation  of  a  Transmission  Line.— The 
experiment  may  be  arranged  as  in  Fig.  230,  or  as  in  Fig.  240;  in  the 
latter  figure  the  reactance  x  in  the  line  should  be  omitted.  Iron  wires 
should  not  be  used  for  this  experiment,  as  they  give  an  appreciable 
reactance  effect,  which  destroys  the  value  of  the  results.  Use  copper 
or  German  silver  wires. 

(a)  Apply  a  certain  load  at  as  low  a  power  factor  as  possible.  Read 
volts  at  both  ends  of  the  line,  and,  if  possible,  the  voltage  drop  along 
the  line  itself;  also  load  amperes  and  watts.  Keep  watts  constant,  and 
gradually  reduce  the  wattless  current  by  decreasing  the  reactance  of 
the  load  connected  across  the  line,  until  a  power  factor  of  100  per  cent 
is  reached.    This  condition  is  practically  obtained  when  the  load  con- 
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Fig.  240.     Diagram  of  connections  for  studying  the  effect  of  inductance  and  of 
resistance  in  the  transmission  line  and  in  the  load. 


sists  of  incandescent  lamps  only.  Repeat  a  similar  run  with  a  different 
resistance  of  the  line,  and  then  with  a  different  load. 

(b)  Now  reestablish  the  first  conditions  and  vary  the  load  so  as  to 
keep  total  amperes  constant,  gradually  increasing  watts.  Repeat  a  simi- 
lar run  with  a  different  resistance  of  the  line,  and  then  with  a  different 
load. 

Report.  Plot  curves,  as  in  Fig.  239;  check  some  of  the  results  by 
constructing  diagrams,  similar  to  those  shown  in  Figs.  236  and  238. 

268.  Influence  of  Inductance  in  the  Line.  —  Inductance  in  trans- 
mission lines  is  caused  by  the  magnetic  flux  embraced  within  the  loop 
formed  by  line  conductors.  The  influence  of  this  inductance  is  notice- 
able on  long,  high-tension  lines  with  considerable  distance  between  the 
wires.  Inductance  and  ohmic  resistance  are  distributed  along  the  line; 
but  for  experimental  purposes  it  is  more  convenient  to  have  them  sepa- 
rated, as  in  Fig.  240. 

The  voltage  relations,  shown  in  Fig.  236,  must  be  modified  into  those 
in  Fig.  241,  in  order  to  take  into  account  the  inductance  of  the  line. 
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OK  —  e  is  the  receiver  voltage,  i  is  the  line  current,  lagging  behind  it 
by  an  angle  </>t  which  depends  on  the  properties  of  the  load.     The  drop 
KL  in  the  line  consists  of  the  ohmic  drop  KM  =*  tr, 
parallel  to  i,  and  of  the  inductive  drop  ML  =  ix  per- 
pendicular to   i.    The  generator  voltage  E  is  repre-  ^  ^^\ 
sented  by  the  vector  OL.  Cv  ir 

With  lines  having  but  a  few  per  cent  drop,  the  Iri-     V"""' 
angle  KLM  becomes  too  small  to  allow  the  difference      \ 
between  E  and  e  to  be  measured  with  a  sufficient 
accuracy.     In  such  cases  it  is  preferable  to  figtre  out 
E  analytically.    By  completing  the  triangle  OLN  we 
have: 

B!-(eOoB^  +  fr)»+(«Sm*  +  &)».    .    .    .     (5)Flo>241.    Vector 

from  which  E  can  be  calculated.    .  dla*nun    cor?" 

It  will  be  seen  from  Fig.  241  that  per  cent  regulation,  J^Sta  'in 
or  the  difference  between  E  and  e,  depends  not  only  Fig  34^ 
on  the  current,  but  also  on  the  power  factor  of  the 
load.  It  may  be  shown  by  constructing  a  few  diagrams,  that  a  line 
with  a  comparatively  high  inductance  may  regulate  satisfactorily  on 
non-inductive  loads,  but  give  a  poor  regulation  on  inductive  loads,  and 
vice  versa  (see  Fig.  237). 

269.  EXPERIMENT  13-E.  —Voltage  Drop  in  Lines  having  a 
Considerable  Inductance.  —  (a)  Begin  the  experiment  (Fig.  240) 
with  a  line  having  negligible  ohmic  resistance,  but  a  considerable  react- 
ance. The  latter  is  conveniently  provided  for  laboratory  purposes  by 
a  coil  of  wire,  with  a  movable  iron  core  inside.  Take  a  highly  induc- 
tive load  and  adjust  the  conditions  so  as  to  have  a  difference  of  from 
10  to  15  per  cent  between  the  generator  voltage  and  the  load  voltage. 
Keep  the  current  constant,  and  gradually  raise  the  power  factor  of 
the  load  by  increasing  the  non-inductive  portion  and  decreasing  the 
inductive  portion  of  the  load.  Read  the  voltages  and  the  voltage  drop, 
amperes,  and  watts,  until  the  load  becomes  entirely  non-inductive, 
(b)  Repeat  the  same  experiment  with  a  line  having  ohmic  resist- 
ance only  and  giving  the  same  d#op.  (c)  Finally  test  a  line 
possessing  both  ohmic  and  inductive  resistances  in  about  equal 
proportion. 

Report.  Plot  the  results  to  power  factor  of  the  load  as  abscissae  (com- 
pare Fig.  239).  Construct  a  few  diagrams,  as  in  Fig.  241,  for  low  values 
of  power  factor,  and  check  by  means  of  them  the  results  obtained  at 
higher  values  of  power  factor.    Explain  the  difference  in  regulation 
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obtained  with  the  lines  having  large  and  small  inductive  drop,  at  differ- 
ent values  of  power  factor. 

270.   Influence  of  Capacity  in  Transmission  Lines.*  —  Let  7  in 

Fig.  242  represent  the  generator  end,  II  the  receiver  end  of  a  trans- 
mission line,  and  C  its  electrostatic  capacity.  This  capacity  in  reality 
is  uniformly  distributed  along  the  line,  but,  for  the  sake  of  simplicity, 
may  be  assumed  to  be  concentrated  at  one  point.  The  generator  has 
to  supply  not  only  the  load  current,  but  also  a  leading  wattless  com 
ponent,  or  charging  current.  This  capacity  effect  takes  place  inde- 
pendently of  the  load*  There  are  cases  known  on  long  high-tension 
transmission  lines,  where  this  capacity  effect  amounts  to  over  1000 
apparent  kilowatts;  this  means  that  a  large  generator  has  to  run  at 
practically  its  full  ampere  output,  without  supplying  any  actual  load 
at  the  receiver  end. 

Inductance,  as  a  rule,  is  an  undesirable  element  of  the  load,  because 
it  produces  a  lagging  wattless  current  and  lowers  the  power  factor. 


Fig.  242.     Capacity,  inductance,  and  resistance  in  parallel. 

However,  in  the  case  under  consideration,  inductance  improves  the 
power  factor  at  the  generating  station,  since  the  lagging  component 
compensates  for  the  leading  capacity  current  (§  132). 

This  principle  also  furnishes  a  practical  means  of  obtaining  this  com- 
pensating effect  when  the  line  is  comparatively  short  and  the  voltage 
not  very  high,  but  the  load  is  highly  inductive  (motors  and  transformers 
running  at  light  load).  Then  the  capacity  effect  is  small,  while  at 
the  same  time  the  line  carries  considerable  lagging  currents.  The  power 
factor  can  be  improved  by  connecting  across  the  line  an  apparatus 
which  draws  a  leading  current,  and  consequently  neutralizes  the  lagging 
component.  Ordinary  condensers  are  too  expensive,  and  not  reliable 
enough  on  high  voltages,  to  be  used  for  such  a  purpose.  A  large  over- 
excited synchronous  motor  (§  470)  is  quite  often  used  for  correcting 
low  power  factor  on  a  transmission  line.  It  takes  in  a  leading  current, 
and  thus  compensates  for  the  lagging  currents  of  the  rest  of  the  system. 
The  generating  station  has  to  supply  the  power  component  of  the  cur- 

*  For  the  fundamental  properties  of  electrostatic  capacity  the  reader  is  referred 
to  Chapter  VI. 
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rent  only.    For  further  details  in  regard  to  current  and  voltage  reso- 
nance, see  §§  131  to  136. 

271.  EXPERIMENT  13-F.  —Influence  of  Capacity  in  Trans- 
mission  Lines.  —  (a)  Take  a  line,  as  in  Fig.  242  (or  Fig.  230),  possess- 
ing ohmic  resistance  only;  connect  some  capacity  across  it  at  the 
middle  point  between  the  generator  and  the  load.  Select  a  load  at  a 
power  factor,  say  between  60  and  80  per  cent.  Gradually  increase  the 
capacity,  keeping  the  load  constant.  Read  load  current,  capacity  cur- 
rent and  total  current;  generator  volts,  load  volts,  and  the  volts  across 
the  condensers.  When  varying  the  load  be  careful  not  to  obtain  con- 
ditions which  might  give  a  dangerous  current  or  voltage  resonance. 
Repeat  a  similar  run  with  the  same  load  current,  but  at  a  power  factor 
of  100  per  cent;  then  at  a  power  factor  as  low  as  obtainable. 

Adjust  conditions  so  that  the  influence  of  capacity  is  particularly 
noticeable,  and  distribute  the  same  capacity  in  two,  three  or  four  points 
along  the  line,  instead  of  having  it  concentrated  at  one  point.  See  how 
this  affects  the  regulation  of  the  line. 

(b)  Perform  a  similar  experiment  with  a  line  having  inductance, 
instead  of  resistance.  Produce  voltage  resonance  (§  134)  under  con- 
ditions which  may  occur  on  actual  transmission  lines.  In  doing  this 
be  sure  to  have  the  line  protected  by  a  circuit-breaker  or  a  fuse. 

Report  the  observed  relations  in  the  form  of  curves,  and  explain  them 
by  means  of  vector  diagrams. 

VOLTMETER   LINE-DROP  COMPENSATORS. 

272.  It  is  desirable  in  any  system  of  electrical  transmission  to  be  able 
to  read,  on  a  voltmeter  placed  in  the  generating  station,  the  actual  volt- 
age at  the  point  o?  consumption  of  energy.  The  simplest  and  the  oldest 
device  for  this  purpose  is  a  pair  of.pUot  wires  between  the  point  of  con- 
sumption and  the  power  house.  A  voltmeter  situated  in  the  power 
station,  and  connected  to  these  wires,  reads  the  voltage  at  the  farther 
end  of  the  line,  and  the  generator  pressure  is  regulated  accordingly. 

As  the  distance  of  transmission  increases,  the  cost  of  pilot  wires 
becomes  prohibitive.  Devices  are  used  in  such  cases,  that  enable  the 
operator  in  a  power  house  to  read  the  voltage  at  the  receiving  end  of 
the  line,  without  pilot  wires.  Some  types  of  line-drop  compensating 
devices  are  described  below. 

273.  Direct^Current  Compensator.  —  A  simple  arrangement  of  this 
kind  is  shown  in  Fig.  243.  The  station  voltmeter,  in  addition  to  its 
regular  winding,  has  a  compensating  winding  connected  in  series  with 
the  line.     This  series  winding  opposes  the  action  of  the  potential  wind- 
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ing,  so  that  the  voltmeter  shows  less,  the  heavier  the  line  is  loaded. 
The  decrease  in  reading  is  proportional  to  the  line  current;  the  drop  in 
the  line  is  also  proportional  to  the  line  current.  Therefore,  by  suitably 
adjusting  the  number  of  turns  on  the  compensating  winding,  or  by 
providing  a  shunt  around  it,  the  instrument  may  be  made  to  indicate 
the  voltage  at  the  receiving  end  of  the  line,  at  any  load. 

Such  a  compensating  winding  may  be  adapted  to  almost  any  com- 
mercial type  of  direct-  or  alternating-current  voltmeter;  but  the  prin- 
ciple is  not  quite  correct  on  alternating-current  lines,  because  the  drop 
depends  in  this  case  not  only  on  the  value  of  the  current,  but  also  on 
the  power  factor  of  the  load.    The  arrangement  described  below  takes 
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Fig.  243.     A  voltmeter  compensated  for  line  drop,  and  intended  primarily 
for  direct-current  circuits. 

this  factor  into  account,  and  is  therefore  preferable  on  alternating- 
current  lines. 

274.   Mershon  Alternating-Current  Line-Drop  Compensator.— 

The  total  voltage  drop  in  a  transmission  line  is  caused  by  its  resistance 
and  reactance,  and  is  proportional  to  the  current.  Therefore,  by  insert- 
ing a  certain  resistance  R  and  inductance  L  into  the  voltmeter  circuit 
(Fig.  244),  and  making  the  voltage  drop  across  these  proportional  to  the 
line  current,  conditions  are  created  in  the  local  circuit,  similar  to  those 
in  the  actual  transmission  line.  Consequently,  voltmeter  readings  may 
be  reduced  by  the  amount  of  the  line  drop.  With  this  arrangement, 
the  voltmeter,  though  placed  in  the  power  house,  automatically  reads 
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the  voltage  at  the  receiving  end  of  the  line,  at  any  value  of  the  current 
and  of  the  power  factor.  V  is  an  ordinary  station  voltmeter  connected 
to  the  line  through  the  potential  transformer  P;  if  the  voltage  is  suffi- 
ciently low,  this  transformer  may  be  omitted.  The  resistance  R  and 
the  inductance  L  are  connected  in  such  a  way  that  the  current  passing 
through  them  is  at  any  moment  proportional  to  and  in  phase  with  the 
line  current.  This  is  obtained  by  the  use  of  two  series  transformers, 
C  and  K,  the  first  of  which  carries  in  its  primary  the  whole  line  current. 
A  part  of  the  circuit  R-L  is  introduced  into  the  voltmeter  circuit,  as 
shown  in  the  figure.  The  points,  where  the  connections  are  made,  are 
adjustable,  so  as  to  be  able  to  compensate  for  a  definite  per  cent  reac- 
tive and  ohmic  drop. 

The  voltage  at  the  voltmeter  terminals  is  a  geometrical  sum  of  the 
generator  voltage,  as  supplied  by  the  transformer  P,  and  of  the  voltage 


Current  Transformer 


Fig.  244.     The  Mention  arrangement  for  compensating  a  voltmeter  for  line 
drop;  the  method  can  be  used  on  alternating-current  circuits  only. 


drop  across  the  compensator.  The  latter  voltage  is  proportional  to 
the  line  current,  and  has  the  same  inductive  and  ohmic  components 
as  the  actual  line  drop,  provided  that  the  compensator  is  adjusted 
correctly.  Therefore,  the  voltmeter  shows  the  generator  voltage,  less 
the  drop  in  the  line;  in  other  words,  the  voltage  at  the  receiver  end. 
The  purpose  of  the  series  transformer  C  is  to  make  possible  the 
use  of  the  same  compensator  on  lines  having  widely  different  current 
output.  The  ratio  of  turns  of  this  transformer  is  selected  so  as  to 
have  about  4  amperes  in  the  secondary  circuit  at  full  load.  The 
purpose  of  the  transformer  K  is  twofold:  it  permits  of  giving  the 
resistance  R  and  the  reactance  L  values  most  suitable  for  the  volt- 
meter circuit,  and  insulates  the  voltmeter  circuit  from  that  of  the 
transformer  C.  In  this  way  it  is  possible  to  use  the  transformer  C 
not  only  for  the  compensator,  but  also  for  the  ammeter  and  the  series 
coil  of  the  wattmeter. 
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275.  EXPERIMENT  13-Q.  —  Calibrating  Line-Drop  Compensa- 
tors. —  (a)  Connect  a  compensated  voltmeter  to  a  direct-current  line,  as 
shown  in  Fig.  243.  Load  the  line  and  calibrate  the  device  by  actually 
reading  the  voltage  at  both  ends  of  the  line.  The  adjustment  is  con- 
veniently made  by  a  shunt  around  the  compensating  coil.  Adjust  the 
instrument  on  a  heavy  load,  and  see  if  it  reads  correctly  on  partial 
loads. 

(b)  Connect  the  line  to  an  alternating- current  supply,  and  see  if  the 
adjustment  of  the  device  is  still  correct  with  non-inductive  loads.  If 
not,  adjust  it  to  read  correctly;  determine  per  cent  error  at  other  values 
of  power  factor.  After  this,  take  a  line  having  both  ohmic  and  induc- 
tive resistances.  Adjust  the  compensator  to  read  correctly  at  full  load 
and  at  a  power  factor  of  about  80  per  cent.  Calibrate  the  instrument 
within  practical  values  of  power  factor,  say  from  50  to  100  per  cent, 
and  from  half  load  to  load  and  a  quarter. 

(c)  Connect  the  compensator  shown  in  Fig.  244  and  check  its  cali- 
bration separately  for  ohmic  drop  and  for  inductive  drop;  then  try  it 
on  a  line  having  both  ohmic  and  inductive  resistances.  Compare  its 
indications  with  voltmeter  readings  taken  at  the  receiving  end  of  the 
line,  at  different  values  of  load  and  of  power  factor. 

PREDETERMINATION    OP    REGULATION    OP  TRANSMISSION    LINES. 

276.  In  many  cases  it  is  difficult,  or  even  impossible,  actually  to 
measure  the  voltage  drop  or  regulation  of  a  transmission  line  at  its 
rated  load.  A  method  has  been  devised  which  permits  the  calculation 
of  the  regulation  of  a  line  at  any  load  and  power  factor,  from  a  simple 
short-circuit  test. 

With  the  same  notations  as  in  §  268  the  voltage  relations  at  a  certain 

load  are  represented  by  Fig.  241.     The  unknown  part  of  the  diagram 

r  is  the  triangle  KML,  or,  with 


■^wwyv 


a  given  current  t,  the  un- 
known quantities  are:  the 
ohmic  resistance  r  and  the 


Generator  jr  »  Load 

"b       'TTrfYlT' * — £•     reactance    x    of     the    line 

Fig.  246.     Determination  of  impedance  of  a         Both  may  be  determined  ex- 
transmission  line  from  a  short-circuit  test.  perimentally  in  the  following 

way:  short-circuit  the  line 
at  the  points  C  and  D  (Fig.  245)  and  connect  the  points  A  and  B 
to  a  source  of  direct  current.  Read  volts  and  amperes;  the  ratio  will 
give  the  ohmic  resistance  r  of  the  line.  Now  apply  an  alternating  cur- 
rent, instead  of  the  direct  current;  again  measure  the  current  and  the 
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voltage.  The  ratio  will  give  the  impedance  of  the  line.  From  the 
data  thus  obtained,  the  triangle  of  drop,  shown  in  Fig.  246,  may  be 
constructed,  and  the  reactance  x  calculated.  The  values  of  r  and  x 
are  then  used  in  constructing  the  diagram,  Fig.  241,  for  any  desired 
conditions  of  load. 

277.  Kapp's  Diagram.  —  It  is  not  necessary  to  construct  the  dia- 
gram, shown  in  Fig.  241,  for  each  value  of  power  factor  or  current.  The 
triangle  M  KL  remains  the  same  at  any  value  of  the  power  factor  as 
long  as  the  current  remains  constant.  If  the  generator  voltage  OL  is 
constant,  the  point  0  travels  on  a  semicircle  having  L  for  its  center. 
This  gives  the  so-called  Kapp's  diagram,  shown  in  Fig.  326;  it  is  the 
same  for  transformers,  as  for  transmission  lines,  and  with  some  limita- 
tions is  even  applicable  to  alternators. 

The  triangle  MKL  is  denoted  there  by  OKC;  the  generator  voltage 
jg  represented  by  EC.     01  is  the  direction  of  the  current  vector;  the 
receiver  voltage  is    =   SO.      With  non-inductive 
load   the  receiver  voltage   is   represented   by  the 
vector  0Er;  at  purely  inductive  load  the  receiver 
voltage  is  0EX.     Should  the  line  draw  a  leading  cur- 
rent, because  of  its  capacity,  or  of  an  over-excited 
synchronous  motor,  the  receiver  voltage  becomes       IO*     i/aire8f|aDg 
higher  than  the  generator  voltage.    The  theoretical        short-circuit  test, 
limit  of  a  pure  capacity  load   corresponds  to  the 
vector  0Ee.    This  rise  in  voltage  is  explained  by  a  partial  resonance 
between  the  reactance  of  the  line  and  the  capacity  of  the  load  (see 
§  134). 

For  other  values  of  the  current,  the  triangle  OKC  is  proportionally 
reduced  in  size;  the  remainder  of  the  diagram  is  unchanged  If  the 
receiver  voltage  e,  and  not  the  generator  voltage  E,  is  maintained 
constant  a  semicircle  is  drawn  from  the  point  0  as  a  center.  Gen- 
erator voltages  are  in  this  case  represented  by  variable  vectors  from 
the  point  C. 

Charts  and  tables  have  been  constructed,  which  give  numerical 
values  of  the  quantities  entering  into  diagram,  Fig.  241.  With  these 
tables  and  charts,  voltage  drop  and  regulation  can  be  obtained  directly  ? 
without  constructing  a  diagram.  See  articles  on  the  subject  in  the 
Electric  Journal,  March  and  April,  1907;  also  F.  G.  Baum's  booklet, 
Alternating-Current  Calculating  Device. 

278.  Analytical  Calculation  of  Voltage  Drop.  — When  voltage  drop 
in  a  line  is  slight,  the  difference  E  -  e  cannot  be  obtained  with  suffi- 
cient accuracy  from  a  diagram.     It  is  better  in  this  case,  to  calculate 
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have 
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Denoting  the  angle   NOL  in   Fig.   241   by  a  we 

t 


ECosa 
J?  Sin  a 


■  e  Cos  <f>  +  ir; 
e  Sin  <j>  +  ix. 


For  a  given  current  i  and  a  phase  angle  <f>  the  angle  a  may  be  elimi- 
nated from  these  two  equations,,  and  the  resultant  equation  solved  for 
e,  or  E,  whichever  is  unknown.  The  solution  is  simple,  when  E  is 
unknown;  both  equations  are  squared  and  added  together.    This  gives 


E2  =  (e  Cos  <f>  +  ir)2  +  (e  Sin  ^  +  ix)2 


(5) 
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which  is  identical  with  the  formula  (5)  given  in  §  268.  But  when  c  is 
unknown,  the  solution  becomes  more  complicated.  The  following 
approximate  method  of  solving  it  is  sufficiently  accurate  for  practical 

purposes,  except  when  the  drop  in  the  line 
is  excessive.  • 

The  difference  E  -  e  (Fig.  241)  is  ob- 
tained by  striking  an  arc  of  a  circle  with 
OX  as  a  radius,  from  O  as  a  center.  In- 
stead of  thic  circle,  draw  a  perpendicular 
from  K  to  its  intersection  with  OL;  when 
the  triangle  KLM  is  small,  this  perpen- 
dicular practically  coincides  with  the  arc 
of  the  circle. 
Then  we  get  from  the  diagram, 

E  -  e  =  ir  Cos  <f>  4-  ix  Sin  0, 

from  which  the  unknown  e  may  be  calcu- 
lated. Let,  for  instance,  the  ohmic  drop 
ir  be  5  per  cent  of  E,  the  inductive  drop  ix  =  7  per  cent  of  E.  To 
determine  the  total  line  drop  at  a  power  factor  of  80  per  cent,  we 
have  (Fig.  247):  Cos  <f>  -  0.80;  Sin  <f>  -  0.60,  and 

£-e  =  5X  0.80  +  7  X  0.60  -  8.2  per  cent. 

In  other  words,  the  arithmetical  difference  between  the  generator  volt- 
age E  and  the  receiver  voltage  e  is  =  8.2  per  cent  of  E.  The  actual 
voltage  drop  in  the  line 

KL  =»  V52  +  T2  -  8.6  per  cent  of  E. 

279.  EXPERIMENT  13-H.  —  Predetermination  of  Regulation 
of  a  Transmission  Line.  —  The  method  is  explained  in  §  276.  Short- 
circuit  the  terminals  at  one  end  of  an  experimental  line  containing 


Fig.  247.  A  diagram  giving  the 
values  of  Sin  <f>  and  of  the 
angle  <f>  for  any  value  of  pow- 
er-factor Cos  4>. 
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some  ohmic  and  inductive  resistance  (Fig.  240).  Send  a  direct  current 
through  the  line,  gradually  increasing  it  to  the  safe  limit:  read  volts  and 
amperes.  Repeat  the  same  experiment  with  alternating  current.  This 
comprises  all  the  necessary  experimental  data. 

In  order  to  have  a  check  on  the  predetermined  regulation,  it  is  well 
to  take  a  few  readings  with  the  line  actually  loaded,  preferably  with 
considerable  currents,  in  order  to  have  a  large  drop.  Take  a  curve  of 
voltage  drop,  at  a  current  corresponding  to  50  per  cent  overload,  between 
as  wide  limits  of  power  factor  as  possible. 

Report:  From  the  short-circuit  test  figure  out  the  resistance  and  the 
reactance  of  the  line  (Fig.  246).  Construct  Kapp's  diagram  for  a 
current  for  which  the  regulation  was  determined  experimentally;  check 
a  few  calculated  voltages  with  those  taken  experimentally.  Figure  out 
a  few  points  by  using  the  charts  mentioned  at  the  end  of  5  277,  and 
the  formulae  deduced  in  §  278.  See  how  closely  Kapp's  diagram  checks 
with  them. 


CHAPTER  XIV. 

DISTRIBUTING  LINES. 

280.  It  was  explained  in  §  255  that  the  principal  distinction  between 
a  distributing  line  and  a  transmission  line  is,  that  the  latter  is  loaded 
at  the  end  only,  while  a  distributing  line  has  power  led  off  at  different 
points  (Fig.  248).     Only  one  side  of  the  line  (say  positive)  is  shown  in 
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Flo.  248.    A  distributing  line  fed  from  one  end. 

this  and  in  the  following  two  sketches;  the  relations  in  the  negative,  or 
the  return  wire  are  exactly  the  same. 
The  principal  types  of  distributing  lines  met  with  in  practice  are: 

(1)  Lines  fed  from  one  end  (Fig.  248). 

(2)  Lines  fed  from  both  ends  (Fig.  249). 

(3)  Ring  lines  (Fig.  250). 

A  ring-conductor  is  evidently  but  a  special  case  of  a  line  fed  from  two 
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Fig.  249.    A  distributing  line  fed  from  both  ends. 

ends.  City  networks  are  usually  laid  out  so  that  street  conductors 
are  fed,  if  possible,  from  at  least  two  points,  as  shown  in  Fig.  249.  In 
case  of  an  accident  to  one  of  the  feeders  the  customers  may  still  be 

314  I 
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temporarily  supplied  from  the  other  feeder,  even  though  the  service  be 
not  as  satisfactory,  because  of  a  greater  voltage  drop. 

281.  Voltage  Drop  with  Distributed  Load.  — The  voltage  drop  in 
a  line  fed  from  one  end  (Fig.  248)  may  be  calculated  on  the  basis  of 
formula  (1)  given  in  §  256.  With  the  same  notation  as  there  we  have 
for  the  drop  to  the  farthest  consumer  N: 

pe        I.b.2h    x(Z-ti).Mga-Ji)   , 

100s       }         '  q  + 

(Z-ti-ta).k2(I,-la) 

q 

The  first  term  on  the  right  side  of  this  equation  represents  the  voltage 
drop  across  A  B,  the  second  across 
BC,  etc.    In  this  formula  iif  i2,  i& 
etc.,  represent  the  currents  taken 
by  various  consumers;  the  current 


I  —  *i  +  *2  +  %z  + 


Fig.  250.     A  ring  line. 


is  the  total  current  supplied  from 

the  feeder.     After  simple  mathematical   transformations  the  above 

formula  is  reduced  to 

■jjjg"  -  —  dih  +  %sh  +  izh  +  •  •  - ) 
of  finally  to 

n — (5) 

This  formula  is  perfectly  analogous  to  the  expression  (1)  in  §  256, 
and  like  it  is  used  for  determining  the  cross-section  of  a  conductor,  when 
the  load  is  given;  or  for  determining  the  load  that  a  given  conductor  can 
carry,  under  the  condition  that  the  voltage  drop  should  not  exceed 
a  certain  limit. 

The  expression  (5)  shows  that  the  voltage  drop  in  a  conductor, 
loaded  at  several  places,  depends  not  only  on  amperes  load,  but  on  the 
position  of  the  load  as  well.  A  small  load  situated  far  from  the  feeder 
A  may  affect  the  line  drop  quite  as  much  as  a  comparatively  heavy 
current  taken  near  the  feeder.  In  other  words,  voltage  drop  vrith  dis- 
tributed load  is  proportional,  not  to  amperes,  but  to  ampere-feet 

It  is  customary  in  practice  to  measure  load  by  the  number  of  16 
candle-power  lamps,  instead  of  amperes.  To  show  the  application  of 
formula  (5),  suppose  that  it  is  reqyired  to  figure  the  sizes  of  street 
conductors  in  a  city,  the  maximum  drop  allowed  being  2  per  cent,  and 
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the  pressure  100  volts.     For  copper  conductors  ft  =  about  10  ohms;  a 
100- volt  16  candle-power  lamp  consumes  about  0.5  ampere,  and  we  have 


tf 


200  X  10  X  0.5  S  U 


•  t 


100.2 
or 

q  =  5  3  LI, 

where  number  of  lamps  L  is  introduced  instead  of  amperes  i.  Know- 
ing the  number  of  lamps  to  be  connected  at  different  places  along  a 
certain  conductor,  its  cross-section  in  circular  mils  can  be  easily  found 
from  this  formula. 

The  expression  S  U  may  be  represented  in  the  form  IIq  —  fo  2  i, 
where  Iq  is  the  distance  from  A  to  the  "center  of  gravity  "  of  the  load 
(Fig.  248),  considering  t'i,  %2,  is,  etc.,  as  if  they  were  mechanical  forces, 
applied  at  the  distances  lu  l2,  ht  etc.;  /  is  the  total  load  of  the  line. 
With  this  substitution,  formula  (5)  becomes: 

200  b.Il 
n — (6) 

282.  Experimental  Lines.  —  Experi- 
mental lines,  for  studying  voltage  and 
current  relations  with  distributed  load, 
are  preferably  made  of  German  silver, 
manganin,  or  any  other  material  of  a 
Une  comparatively  high  specific   resistance, 

Fig.  261.    A  contact-maker  for     an<^  a  *ow  temperature  coefficient.     In- 
measuring  currents  in  a  wire.         candescent    lamps   of   4,  8,    16,   and  32 

candle-power  may  be  conveniently  used 
as  a  load.  It  is  simpler  and  preferable  to  have  only  one  side  of  the  line 
made  of  high-resistance  material,  the  return  wire  being  replaced  by  a 
heavy  copper  wire  or  a  bar  of  a  negligible  resistance,  as  in  Fig.  230. 

It  would  not  be  feasible  to  have  ammeters  or  even  ammeter  shunts 
connected  in  different  places  of  the  line,  as  this  would  change  the  uni- 
form resistance  of  the  line  per  unit  length.  It  is  better  to  use  parts  of 
»the  line  itself  as  ammeter  shunts,  the  drop  being  taken  by  a  contact- 
maker,  shown  in  Fig.  251.  The  milli- voltmeter  M  V,  connected  to  the 
knife-edges  of  the  contact-maker,  measures  a  voltage  drop  which  is  pro- 
portional to  the  line  current,  and  thus,  if  the  proper  constant  be  applied, 
measures  the  current  itself.  The  distance  between  the  contacts  may  be 
made  adjustable,  so  as  to  give  this  constant  a  simple  value. 

Two  voltmeters  should  be  used,  one  for  keeping  the  terminal  voltage 
constant,  another  with  a  three-volt  scale  for  measuring  the  voltage 
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drop  along  the  line.  One  clouble-ecale  voltmeter  may  be  substituted 
for  the  two  instruments,  and  a  double-throw  switch  provided  for  using 
either  scale.  The  return  wire  of  the  experimental  line  should  be  made 
inaccessible,  so  that  the  student  could  not,  by  mistake,  touch  it  with  one 
of  the  voltmeter  leads  connected  to  the  three- volt  scale. 

283.  EXPERIMENT  14-A. —Voltage  Drop  in  Distributing  Lines 
Fed  from  one  End.  —  The  arrangement  of  an  experimental  line  is 
described  in  J  282;  the  formula  for  drop  is  given  in  §  281.  (1)  Connect 
to  the  line  a  certain  distributed  load,  as  in  Fig.  248,  and  trace  out  the 
voltage  drop  along  the  line  with  the  three-volt  voltmeter.  Using  the 
contact-maker,  measure  the  currents  taken  by  separate  consumers;  as  a 
check  measure  the  currents  in  various  parts  of  the  line  itself.  Repeat 
the  same  experiment  with  a  different  distribution  of  load.     (2)  Connect 


Fig.  262.    Voltage  drop  in  lines  fed  from  one  end  and  from  both  ends. 

to  the  line  a  consumer  near  the  source  of  power,  and  another  one  as  far 
from  it  as  possible.  Measure  the  voltage  which' both  of  these  consumers 
get,  as  other  lamps  are  gradually  connected  to  the  line.  This  should 
illustrate  the  fact  that  the  consumer  at  the  end  of  the  line  is  affected 
by  a  fluctuating  load  much  more  than  the  consumer  at  the  beginning 
of  the  line.  (3)  Investigate  the  influence  of  the  factor  2  H  on  voltage 
drop  to  the  consumer  at  the  end  of  the  line.  Connect  to  the  line  a  certain 
number  of  lamps  near  the  feeding  end,  and  then  the  same  number  of 
lamps  near  the  opposite  end  of  the  line.  Measure,  in  both  cases,  the 
voltage  at  the  terminals  of  the  last  consumer.  It  will  be  found  that  the 
same  number  of  lamps  affect  his  voltage  differently  in  the  two  cases. 
Now  change  the  number  of  lamps  in  one  of  the  groups  until  he  gets  the 
same  drop  in  both  cases.  Verify,  that  in  this  case  the  number  of  ampere- 
feet  (S  il)  is  the  same  in  both  groups  of  lamps.  (4)  Before  leaving  the 
laboratory,  measure  the  resistance  of  the  line  wire  per  foot  of  its  length, 
using  the  drop-of -potential  method.  Make  a  sketch  of  the  line  with  dis- 
tances between  the  connections  to  the  consumers;  measure  the  distance 
between  the  knife-edges  of  the  contact-maker. 
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Report.  Plot  to  conductor  lengths  as  abscissae  voltage  drop  as  shown 
by  the  curve  A  in  Fig.  252.  /  is  the  feeding-point  corresponding  to  the 
point  A  in  Fig.  248;  the  dotted  lines  indicate  the  places  of  connections 
to  the  customers.  Check  the  observed  results  by  calculating  the  drop 
from  the  known  values  of  the  line  resistance  and  the  currents.  Give 
and  explain  the  results  showing  that  voltage  fluctuations  are  most  pro- 
nounced at  the  consumers  remote  from  the  feeding-point.  Show  from 
the  observed  data  that  the  voltage  drop  is  the  same  with  different 
distribution  of  the  load,  as  long  as  %U  has  the  same  value. 

284.  Line  Fed  from  Both  Ends.  —  When  a  conductor  is  fed  from 
two  ends  (Figs.  249  and  250)  there  is  always  a  point  of  division,  on  one 
side  of  which  the  customers  are  supplied  with  current  from  one  feeder,  on 
the  other  side  from  the  other  feeder.  The  position  of  this  point  depends 
on  the  instantaneous  load,  and  is  always  such  that  5#  is  the  same  on 
each  side  of  the  point  of  division.  This  follows  immediately  from 
formula  (5) ,  because  the  conductor  may  be  cut  in  two  at  the  point  of 
division  of  the  load,  and  each  half  considered  as  a  line  fed  from  one  end. 
The  condition  must  then  be  fulfilled  that  the  drop  from  both  feeding 
points  is  the  same;  the  drop  being  proportional  to  the  value  of  2tf, 
we  have 

(3i7)i  =  (StJ)n (7) 

In  figuring  out  the  cross-section  of  a  line  fed  from  two  ends,  all  the 
consumers  are  supposed  to  be  connected  simultaneously,  and  the  point 
of  division  determined  under  these  most  unfavorable  conditions.  Then 
the  conductor  is  assumed  cut  in  two  at  this  point  and  the  cross-section 
figured  out  from  formula  (5). 

In  some  cases  the  pressure  is  different  at  the  two  feeding-points, 
because  the  feeders  themselves  may  have  different  cross-sections, 
different  lengths,  and  carry  different  loads.  In  such  cases,  the  feeder 
with  a*  higher  voltage  carries  a  proportionately  larger  part  of  the  load. 
The  above  rule,  that  the  point  of  division  of  the  load  is  determined  by 
the  expression  (7),  is  only  true  when  the  same  voltage  is  maintained 
at  /  and  //.  If  the  voltage  at  //  is  a  per  cent  higher,  we  have,  accord- 
ing to  the  formula  (5), 

200  b  (StQi 

p —> 

qe 


and 


200  b  (St'Qn 

a  +  p  « * L — 

qe 
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Subtracting  one  equation  from  the  other  we  get 

200  b 


qe 


■[(Sfl)*-  (SiZ)n] (8) 


When  a  =  0,  this  is  reduced  to  the  former  condition  (SiZ)1  =  (Si7)  n 
Formula  (8)  determines  the  position  of  the  point  of  division  of  the  load, 
with  a  given  difference  of  potential  a  per  cent  between  the  feeders.  By 
inserting  some  resistance  in  one  of  the  feeders,  part  of  its  load  can  be 
transferred  to  the  other  feeder,  and  vice  versa. 

The  ring-line,  Fig.  250,  is  evidently  identical,  from  an  electrical  stand- 
point, with  a  line  fed  at  the  same  potential  from  both  ends. 

285.  EXPERIMENT  14-B.— Voltage  Drop  in  Distributing  Lines 
Fed  from  Both  Ends.  —  The  arrangement  is  similar  to  that  used  in 
Experiment  14-A,  except  that  feeders  are  connected  from  the  source  of 
supply  to  both  ends  of  the  line,  and  rheostats  are  provided  for  regu- 
lating each  feeder  independently. 

(1)  Load  the  line,  and  take  the  distribution  of  voltage  drop  with 
only  one  feeder  connected  to  it  (Curve  A,  Fig.  252).  (2)  Connect  the 
other  feeder  and  see  in  how  far  the  conditions  are  improved,  and  what 
part  of  the  load  is  taken  by  the  second  feeder  (Curve  B).  Keep  both 
feeders  at  the  same  potential  and  determine  the  point  of  division  of  the 
load.  Measure  volts  and  amperes  at  separate  consumers,  in  order  to 
be  able  to  check  the  results  by  calculation.  (3)  Raise  the  potential 
of  one  of  the  feeders  slightly,  and  find  the  new  distribution  of  currents 
and  voltages;  also  the  new  point  of  division  of  the  load  (Curve  C). 
(4)  Repeat  the  same  experiment  with  a  larger  difference  of  potential 
at  the  two  feeders.  (5)  Before  leaving  the  laboratory,  measure  the 
resistance  of  \he  line  wire  per  foot  of  its  length,  using  the  drop-of- 
potential  method.  Make  a  sketch  of  the  line,  with  distances  between 
the  connections  to  the  customers;  measure  the  distance  between  the 
knife-edges  of  the  contact-maker. 

Report,  (1)  Plot  to  conductor  lengths  as  abscissae,  voltage  drop  as 
shown  in  Fig.  252.  Curve  A  refers  to  a  conductor  fed  from  one  end,  B  — 
fed  from  both  ends  at  the  same  voltage,  and  C  —  when  the  feeder  at  // 
has  a  voltage  a  per  cent  higher  than  that  at  /.  (2)  Check  the  observed 
drop  by  calculation,  from  the  resistances  and  currents.  (3)  Show  that 
the  point  of  division  of  the  load,  as  found  during  the  experiment,  satis- 
fies the  condition  expressed  by  formula  (7),  when  the  two  feeding-points 
are  at  the  same  potential,  and  that  its  position  is  in  accordance  with 
formula  (8),  when  the  potential  is  different. 
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INSULATION   MEASUREMENTS   AND    LOCATION    OP   FAULTS.* 

286.  All  parts  of  an  electric  circuit  must  be  either  thoroughly  insu- 
lated from  the  ground  or  carefully  grounded.  The  return  wire  of  a 
trolley  circuit  and  the  middle  wire  of  a  three-wire  system  are  examples 
of  grounded  parts  of  the  circuit;  most  other  parts  have  to  be  thoroughly 
insulated  from  the  ground.  One  accidental  ground  connection  maj 
not  be  objectionable,  at  least  on  low-voltage  circuits,  unless  there  is  a 
regularly  grounded  wire;  in  this  latter  case  a  second  ground  means  a 
short  circuit. 

However,  since  even  one  ground  connection  means  that  the  insu« 
lation  is  becoming  defective,  action  should  be  taken  before  the  faull 


r 


Ground 
Fig.  263.    A  static  ground-detector. 

has  assumed  such  proportions  as  to  make  necessary  the  shutting  down 
of  the  station,  or  at  least  cutting  out  the  damaged  part  of  the  circuit. 
Any  apparatus  which  indicates  a  ground  connection,  or  defective  in- 
sulation, is  called  a  ground  detector.  On  high-tension  circuits  static 
ground  detectors  are  used  (Figs.  253  and  254);  on  low-tension  circuits 
ordinary  incandescent  lamps  or  a  voltmeter  are  preferable  (Fig.  255), 
since  the  static  instrument  in  its  usual  form  requires  a  considerable 
voltage  in  order  to  give  a  noticeable  deflection. 

287.  Static  Ground  Detectors.  —  The  ground  detector,  shown  in 
Fig.  253,  consists  of  two  stationary  metal  pieces  connected  to  the  wines  of 
the  circuit,  and  of  a  movable  vane  connected  to  the  ground.  So  long  as 
the  line  is  perfectly  insulated  from  the  ground,  the  vane  remains  in 

*  The  methods  described  below  apply  equally  well  to  transmission  lines  and  to 
distributing  lines. 
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its  middle  position,  equal  static  charges  being  induced  on  both  sides. 
When  one  of  the  line  wires  becomes  grounded,  it  can  induce  no  more 
charge,  the  vane  itself  being  connected  to  the  ground;  therefore  the 
vane  is  attracted  toward  the  other  side,  and  the  deflection  is  shown 
on  the  scale.  A  ground  does  not  necessarily  mean  a  direct  metallic 
connection  to  the  ground;  it  may  be  merely  a  leak  through  the  insula- 
tion, having  a  resistance  of  several  thousand  ohms.  The  deflection  of 
the  pointer  depends  on  this  "resistance  to  the  ground/'  and  the  scale 


Ground 


Fig.  264.    A  three-phase  ground-detector. 


of  the  instrument  may  be  calibrated  in  ohms,  or  any  other  arbitrary 
units. 

On  three-phase  circuits  a  ground  detector  is  used,  shown  in  Fig.  254; 
it  operates  on  the  same  principle  as  the  one  described  above,  but  has 
three  stationary  parts,  instead  of  two,  according  to  the  number  of  line 
wires.  The  movable  part  is  pivoted  so  that  it  can  move  in  all  directions 
around  a  point.  As  in  the  single-phase  ground  detector,  the  vane 
moves  pom  the  grounded  wire. 

288.  Ground-Detector  Lamps  and  Voltmeters.  —  The  low- 
tension  ground  detector,  shown  on  the  left  of  Fig.  255,  consists  of 
ordinary  incandescent  lamps  connected  across  the  line;  the  middle 
point  is  thoroughly  grounded*  A  sufficient  number  of  lamps  is  taken 
so  that  they  just  glow  red  when  there  is  no  ground.    Should  a  dead 
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ground  occur  on  one  of  the  wires,  one  half  of  the  lamps  go  out,  while  the 
other  half  glow  bright.  Any  fault  on  one  side  of  the  line  is  shown  by  the 
lamps  on  the  other  side  glowing  brighter.  This  arrangement  is  very 
simple  and  reliable,  but  does  not  allow  of  any  quantitative  determina- 
tion of  the  resistance  of  the  fault.  This  is  remedied  by  the  addition 
of  a  voltmeter,  as  shown  in  the  same  sketch  to  the  right.  Knowing 
the  resistance  of  the  instrument,  the  resistance  to  the  ground  can  be 
calculated  from  the  voltmeter  indication.  Or  else,  the  voltmeter  can 
be  calibrated  directly  in  ohms,  instead  of  volts. 

289.  EXPERIMENT  14-C.  —  Calibration  of  Ground  Detect- 
ors. —  The  experiment  consists  of  a  study  of  ground-detecting  devices 
described  in  §§  287  and  288.  The  following  separate  measurements 
should  be  performed: 

(1)  Connect  ground-detector  lamps,  as  in  Fig.  255,  and  observe 

their  action,  when  one  of  the 
line  wires  has  a  fault,  or  a 

ft   0    ^Pv  dead  ground.    Calibrate  the 

?        ^-^  I  lamps  qualitatively,  so  as  to 

be  able   to  judge  regarding 

the  magnitude  of    a  fault. 
*=  Ground.  =•  For  instance,  when  the  in- 

"?  ^  sulation  resistance  of  a  fault 

Fig.  265.  Ground-detecting  lamps  and  voltmeter,  is  about  2500  ohms,  the  dif- 
ference in  brightness  of  the 
two  lamps  is  just  noticeable  in  a  rather  dark  place.  The  difference  in 
brightness  is  easily  detected  at  1500  ohms;  one  lamp  apparently  goes 
out  at  200  ohms,  etc.  Investigate  the  influence  of  the  number  of  lamps 
in  series  on  sensitiveness  of  the  indications. 

(2)  Calibrate  an  ordinary  voltmeter  (Fig.  255)  for  ohms  leakage 
resistance  to  the  ground.  This  should  be  done  in  a  low- voltage  circuit 
(not  more  than  500  volts) .  Connect  the  voltmeter  across  the  line  and 
gradually  increase  the  resistance  in  series  with  it,  by  means  of  a  cali- 
brated multiplier.  The  calibration  curve  is  that  between  the  deflec- 
tions and  the  resistances  in  the  multiplier.  No  actual  ground  is  used 
in  calibration,  but  the  electrical  conditions  are  the  same  as  in  Fig.  255. 

(3)  Calibrate  a  static  ground  detector  (Fig.  253)  for  ohms  resistance 
to  the  ground.  The  necessary  voltage,  say  2200  volts,  may  be  obtained 
by  an  ordinary  voltmeter  transformer.  For  calibration  use  high- 
resistance  carbon  rods,  the  resistance  of  which  has  been  previously 
determined  by  some  other  method,  — for  instance,  by  the  Wheatstone 
bridge.     Connect  the  stationary  blades  of  the  ground  detector  to  the 
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line,  and  place  the  carbon  rods  between  one  of  the  line  wires  and  the 
moving  element.  The  observed  deflections,  plotted  to  resistances  of 
the  rods,  constitute  the  calibration  curve  of  the  ground  detector.  Here 
again,  no  actual  ground  need  be  used  in  the  calibration;  however,  the 
electrical  connections  are  identical  with  those  obtaining  when  a  fault 
exists  on  one  of  the  line  wires,  and  the  moving  element  is  connected  to 
the  ground. 

290.  Insulation  Measurements  on  Dead  Lines.  —  Insulation 
measurements  may  be  conveniently  performed,  if  the 'line  can  be  dis- 
connected from  the  source  of  power  during  the  test.  A  separate  source 
of  power  should  be  used  in  this  case,  the  voltage  of  which  must  De  at 
least  as  high  as  that  to  which  the  line  is  subjected  in  regular  operation. 


Ground 
Fio.  206.    Measuring  insulation  of  u  dead  "  lines. 

Sometimes  the  regular  source  of  power,  to  which  the  line  is  later  con- 
nected, is  used  for  tests.  The  connections  for  insulation  measurements 
are  shown  in  Fig.  256:  a  voltmeter  of  a  known  resistance  R  is  con- 
nected first  across  the  source  of  voltage  Ba,  and  then  between  the  source 
and  the  line,  as  shown  in  the  sketch.  Let  the  first  reading  be  E,  the 
second  e.    Then,  if  the  resistance  of  the  fault  is  x  we  have, 

R  +  x      E 


R 


whence 


x  -  R 


E  -  e 


(9) 
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The  voltmeter  in  both  cases  measures  the  voltage  of  the  source  of  power, 
save  that  in  the  first  case  it  is  connected  to  it  directly,  in  the  second  case 
through  the  unknown  resistance  x  of  the  fault,  which  thus  acts  as  a 
multiplier.  The  deflections  of  the  voltmeter  are  inversely  proportional 
to  the  total  resistance  in  the  voltmeter  circuit.  This  gives  the  above 
equation,  from  which  the  resistance  to  the  ground  may  be  calculated. 
For  values  of  insulation  resistance,  prescribed  by  the  Fire  Underwriters 
for  complete  installations,  see  section  66  of  the  "  National  Electrical 
Code." 

291 .    Evershed  Ohmmeter.  —  There  are  instruments  on  the  market 
which  give  the  resistance  of  a  fault  directly  in  ohms,  and  supply  their 


Fig.  257.    The  Evershed  ohmmeter. 

own  source  of  power.  A  popular  instrument  of  this  kind  is  the  Evershed 
ohmmeter,  shown  in  Fig.  257.  The  box  to  the  right  contains  a  small 
D.  C.  generator  which  is  operated  by  hand  through  a  gearing.  The 
generator  may  be  wound  for  any  voltage  up  to  1000  volts.  The  box 
to  the  left  contains  a  special  galvanometer  with  a  scale  calibrated  in 
megohms.  The  connections  shown  in  the  sketch  are  those  for  measur- 
ing the  insulation  between  two  cables.  If  the  insulation  is  to  be 
measured  between  a  cable  and  the  ground,  one  of  the  terminals  to  the 
left  is  connected  to  the  cable  conductor,  the  other  to  its  lead  sheathing. 
The  construction  of  the  galvanometer  is  shown  in  Fig.  258.  The 
moving  part  consists  of  a  soft-iron  needle  n  with  a  pointer  attached  to 
it.  The  coils  cc  are  connected  in  series  with  the  generator  circuit,  the 
coil  pp  across  the  unknown  resistance  X.     The  magnetizing  action  of 
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the  coils  cc  tends  to  set  the  needle  in  the  position  corresponding  to  zero  of 
the  scale.  The  action  of  the  coil  pp  tends  to  set  the  needle  in  the  posi- 
tion of  "  infinite  resistance."  When  currents  flow  through  all  the  coils, 
the  needle  assumes  an  intermediate  position  which  depends  on  th§ 
ratio  of  the  magnetizing  actions  of  pp  and  cc.  But  the  current  in  pp  is 
proportional  to  the  pressure  at  the  terminals  of  the  unknown  resistance; 
the  current  in  cc  is  equal  to  that  flowing  through  the  unknown  resistance. 
Therefore,  the  ratio  of  the  actions  of  the  two  coils  is  a  measure  of  the 
unknown  resistance  (voltage  -s-  current). 

The  scale  is  calibrated  empirically  by  known  resistances.    The  proper 
speed  of  rotation  for  the  generator  handle  is  about  60  revolutions  per 


Fig.  258.    The  operating  parts  of  the  Evershed  ohmmeter. 


minute.  The  needle  is  made  astatic,  so  that  the  indications  of  the 
instrument  are  independent  of  the  direction  of  the  test  current  and  of 
terrestrial  magnetism. 

The  Sage  ohmmeter,  described  in  §  19,  and  the  portable  bridge,  shown 
in  Figs.  23  and  24,  may  also  be  used  for  measuring  insulation  resist- 
ances of  lines.  It  must  be  kept  in  mind,  however,  that  these  devices 
use  low-voltage  batteries;  in  some  cases  a  fault  does  not  show  up 
unless  a  sufficiently  high  voltage  is  applied.  Therefore,  the  voltmeter 
method  (§  290)  is  preferable,  unless  an  ohmmeter  like  Evershed's  is 
available,  with  which  comparatively  high  voltages  may  be  used. 

292.  Insulation  Measurements  on  Live  Lines.  —  On  low-voltage 
lines  accurate  determinations  of  insulation  resistance  are  possible  even 
when  the  line  is  in  use.    The  principle  of  the  method  is  the  same  as 
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in  the  ground-detector  voltmeter  (Fig.  255).  The  relations  are  shown 
more  in  detail  in  Fig.  259.  A  voltmeter  of  a  known  resistance  R, 
shows  a  voltage  ep  when  connected  between  the  positive  wire  and  the 
ground;  it  shows  en  between  the  negative  wire  and  the  ground.  The 
unknown  insulation  resistances  between  the  line  wires  and  the  ground 
are  denoted  by  xp  and  xn  . 

Assume  first  that  a  fault  exists  on  the  positive  side  only.    Then  xu  = 


«p(*x 


© 


+  - 


Line 
— K— 


0. 


e»(*) 


Ground 


Fig.  269.     Insulation  measurements  on  "  live9'  lines. 


infinity,  and  ep  «  0.     If  the  voltmeter  reads  a  voltage  E  across  the  line, 
we  have  the  same  relation  as  in  §  290: 


R 


em 


(10) 


Trie  path  of  the  leakage  current  is  from  the  positive  side  of  the  line, 
through  the  fault  xp,  the  ground  and  the  voltmeter  en  to  the  negative 
side  of  the  line. 

The  relations  become  more  complicated  when  the  insulation  is 
defective  on  both  sides,  so  that  the  voltmeter  gives  appreciable  deflec- 
tions in  position  /  and  in  position  //.  When  the  voltmeter  is  con- 
nected between  the  positive  wire  and  the  ground,  the  leakage  current 
flows  through  xp  and  the  voltmeter  in   parallel  with  it,  through  the 
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ground  and  back  through  xn  to  the  negative  line  wire.    The  total 
resistance  of  the  leakage  circuit  is  thus 

and  the  leakage  current 

. E 


i'  _  — Hk. 


Of  this  current  only  the  part 

R  +  xp 

flows  through  the  voltmeter,  the  current  being  divided  in  the  inverse 
ratio  of  the  resistances.     On  the  other  hand, 

?--*■ 

because  the  voltmeter  reading  is  ep  and  the  resistance  of  the  instrument 

is  R.    Eliminating  the  currents  i  and  i'  from  the  above  three  equations, 

we  get 

-A_ E (11) 

Rxp      znR  +  xn  xp  +  Xp  R 

When  the  voltmeter  is  connected  between  the  negative  wire  and  the 
ground,  we  get  by  analogy 

-#--—= s       (12) 

Rxn      xpR  +  xp  xn  H-  xu  R 

or,  from  the  last  two  equations,  the  simple  result 

xP       x.' 

Eliminating  s»  by  means  of  this  equation  from  (11),  we  finally  obtain 

Xp  =  RE  -  **-** (13) 

and  by  analogy 

-  R  E  ~  e*  -  eF (14) 


s. 


ep 


Using  these  expressions,  the  unknown  resistances  to  the  ground  are 
calculated  from  the  voltmeter  readings  ep  and  en.  If  the  voltmeter 
shows  0  on  the  positive  side,  equation  (13)  is  reduced  to  (10).  Equa- 
tion (14)  shows  that  in  this  case  there  is  no  fault  on  the  negative  side 
(x,  —  infin.). 
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293.  EXPERIMENT  1 4- D.  —  Insulation  Measurements  on 
Low-Tension  Lines.  —  The  methods  are  described  in  §§  290  to  292. 
(1)  Measure  the  insulation  of  a  dead  line  by  the  method  shown  in  Fig. 
256.  Connect  the  line  to  a  gas-  or  water-pipe  through  a  resistance  box, 
and  take  voltmeter  readings  with  the  value  of  this  resistance  varied  from 
zero  to  infinity.  Determine  the  resistance  of  the  voltmeter  by  taking  a 
reading  of  some  constant  voltage  without  multiplier,  and  with  a  multi- 
plier of  known  resistance.  The  insulation  of  the  line  under  test  may 
not  be  quite  perfect;  therefore  it  is  better  to  use  an  artificial  ground, 
for  instance,  a  wire  carefully  insulated  from  the  earth.  The  leakage  to 
this  artificial  ground  may  be  made  to  be  of  any  desired  value. 

(2)  If  a  direct-reading  ohmmeter  is  available,  calibrate  it  with 
standard  resistances;  then  use  the  instrument  for  determining  the 
insulation  resistance  of  actual  lines  previously  disconnected  from  the 
supply.  Perform  this  test  in  accordance  with  section  66  of  the  National 
Electrical  Code. 

(3)  Measure  insulation  resistance  of  a  live  line,  as  explained  in  §  292. 
As  the  line  available  for  test  may  have  a  fault  to  the  ground,  use  an  arti- 
ficial ground,  so  as  to  establish  known  values  of  leakage  resistances  % 
and  xn  (Fig.  259),  by  means  of  calibrated  resistance  boxes.  Apply 
the  method  to  the  actual  measurement  of  the  insulation  between  the 
line  and  the  earth,  without  resistance  boxes.  Before  leaving  the 
laboratory,  measure  the  resistance  jB  of  the  voltmeter. 

Report.  Give  the  results  of  the  test  (1)  and  show  how  nearly  the 
resistances  calculated  from  formula  (9)  check  with  those  actually  used 
in  the  resistance  box.  Give  the  results  of  practice  with  the  direct- 
reading  ohmmeter.  Calculate  the  insulation  resistances  from  the  test 
(3)  and  compare  them  with  those  actually  connected  between  the  line 
and  the  ground. 

294.  Locating  Faults.  —  After  a  fault  has  been  discovered  by  a 
ground  detector,  by  measuring  insulation  resistance,  or  by  some  dis- 
turbance in  the  operation  of  the  line,  the  next  problem  is  to  locate  the 
fault,  in  order  to  remedy  it.  Two  schemes  for  locating  faults  on  long 
lines  are  widely  used  in  practice,  both  being  based  on  the  familiar  prin- 
ciple of  the  Wheatstone  bridge.  The  method  shown  in  Fig.  260  is 
called  the  Murray  loop  (§  295);  it  is  convenient  for  use  with  a  slide- 
wire  Wheatstone  bridge,  such  as  is  shown  in  Fig.  12.  With  plug  or 
dial-type  bridges  (Figs.  21  and  22),  the  Variey  loop  (§  296),  shown  in 
Fig.  261 ,  is  preferable.  With  both  methods  the  two  ground  connections 
di  and  d2  are  in  the  battery  circuit,  outside  the  bridge  proper,  so  that 
the  resistance  of  the  fault,  even  though  considerable,  does  not  affect  the 
result. 
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Portable  bridges,  such  as  are  shown  in  Figs.  15  and  23,  intended  for 
general  commercial  work,  usually  have  a  provision  for  the  connections 
according  to  the  Murray  or  Varley  loop.  Explicit  instructions  for 
such  tests  always  accompany  the  bridge. 

The  place  of  a  cross  of  one  wire  on  another  may  be  determined  in  the 
same  way  as  a  fault  to  the  ground,  the  good  wire  being  considered  as  an 
artificial  ground. 

295.  Murray  Loop.  —  The  line  is  short-circuited  on  one  end  and 
connected  to  a  slide-wire  Wheatstone  bridge  on  the  other  end,  as  shown 
in  Fig.  260.  The  connections  and  the  lettering  are  identical  with  those 
of  a  regular  Wheatstone  bridge  (Fig.  10);  the  battery  circuit  is  closed 
through  the  ground.  The  ratio  of  the  lengths  m  to  n  on  the  slide- 
wire  of  the  bridge  gives  directly  the  ratio  of  the  distances  to  the  fault 


Ground 


Fio.  260.     The  Murray  loop  for  locating  faults. 

from  the  points  a  and  6.  Knowing  the  total  length  of  the  line,  the  place 
of  the  fault  is  thus  calculated  with  sufficient  accuracy;  then  the  fault  is 
found  by  an  actual  inspection  of  the  line  near  the  place  determined  by 
calculation. 

With  the  notations  in  the  sketch,  we  have,  when  zero  balance  of  the 
galvanometer  is  obtained, 


21 


I? 
n 


or 


2n 


m  +  n 


296.   Varley  Loop.  —  Instead  of  varying  the  ratio  m  -*-  n  f or  obtain- 
ing the  galvanometer  balance,  as  is  done  in  the  Murray  loop,  here  this 
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ratio  is  left  constant;  but  some  resistance  r  (Fig.  261)  is  gradually  added 
to  the  line,  until  the  galvanometer  shows  zero.  Then  with  the  notations 
in  the  sketch  we  have 

(2 1  —  x) a  __m 
r  -f  xa       n  ' 


Fig.  261.    The  Varley  loop  for  locating  faults. 

where  a  is  the  resistance  of  the  line  conductor  per  unit  length.    Solving 
this  equation  for  the  distance  x  to  the  fault,  we  get 


x  =  21, 


n 


r 
a 


m 


m  +  n       a        m  +  n 
All  the  quantities  in  this  formula  are  known,  and  x  may  be  calculated. 


Cable-/  Fault  > 

Fig.  262.     An  induction  fault-localizer. 


If  a  is  not  known,  the  bridge  is  connected  to  the  line  in  the  ordinary 
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way,  and  the  resistance  of  the  total  loop  measured.     Dividing  it  by  the. 
length  2 1  gives  the  resistance  a  per  unit  length.     When  r  =»  0,  the 
above  expression  becomes  identical  with  that  deduced  for  the  Murray 
method. 

For  arrangements  used  in  localizing  faults  on  .three-wire  systems,  see 
an  article  in  the  Electrical  Review,  London,  March  15,  1907. 

297.  Induction  Localizers.  —  The  devices  shown  in  Figs.  262  and 
263  are  used  to  some  extent  for  localizing  faults  in  cables,  using  alter- 
nating current.  Either  a  telephone  receiver  or  an  alternating-current 
ammeter  may  be  used  as  indicators. 

With  the  device  shown  in  Fig.  262,  alternating  current  is  put  on  the 
defective  cable,  or  between  the  cable  and  the  ground,  as  the  case  may 
be,  and  the  observer  listens  to  the>  noise  produced  in  the  telephone 
receiver  by  secondary  currents  induced  in  the  triangular  coil.  He 
follows  the  cable,  and  when  he  passes  the  fault,  the  noise  either  in- 
creases or  decreases;  this  change  in  noise  locates  the  fault. 


Pivot 


C*Me 


Fio.  263.     A  fault-localizing  transformer. 

The  device  shown  in  Fig.  263  is  a  series  transformer  for  which  the 
faulty  cable  serves  as  a  primary;  the  secondary  is  connected  to  an 
ammeter,  or  to  a  telephone  receiver.  The  core  of  the  transformer  con- 
sists of  two  parts  hinged  together,  so  that  the  device  can  be  put  on  the 
cable  at  any  place.  The  position  of  the  fault  is  indicated  by  a  change  in 
the  hum  produced  in  the  telephone  receiver,  or  by  a  change  in  the 
ammeter  current.  The  same  device  may  be  used  for  measuring  cur- 
rents in  cables,  without  opening  the  circuit. 
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298.   EXPERIMENT  1 4- E.  — Locating  Faults  in  Lines.  — The 

experiment  is  intended  to  afford  practice  with  the  devices  and  methods 
described  in  §§  294  to  297.  At  first,  the  student  himself  should  provide 
faults  on  the  lines  given  him,  and  check  the  position  of  the  fault  by 
observation  and  calculation.  Then  he  should  try  to  locate  faults,  pro- 
vided for  him  by  the  instructor,  and  hidden  so  that  they  could  not  be 
located  by  a  mere  inspection  of  the  line. 

Note.  The  above  described  methods  for  locating  faults  are  not  alwayB  applica- 
ble on  high-tension  transmission  lines,  since  a  high  voltage  is  often  required  to  pro- 
duce a  flow  of  current  through  a  partially  disabled  insulator.  A  method  for  quickly 
locating  such  grounds,  using  the  line  voltage,  has  been  described  by  Mr.  L.  C. 
Nicholson,  in  a  paper  entitled  Location  of  Broken  Insulators,  read  before  the  Annual 
Convention  of  the  American  Institute  of  Electrical  Engineers,  in  June,  1907.  The 
method  is  being  successfully  used  on  some  60,000  volt  lines  radiating  from  Niagara 
Falls. 


CHAPTER    XV. 
DIRECT-CURRENT  GENERATORS—  OPERATING  FEATURES. 

299.  The  essential  parts  of  a  direct-current  generator  are  shown  in 
Fig.  264.  The  machine  consists  of  a  revolving  part,  or  armature,  in 
which  e.m.f.'s  are  induced  (generated),  and  of  a  stationary  magnetic 
field,  necessary  for  inducing  these  e.m.f  ,'s.  In  the  particular  case  shown, 
the  field  has  four  poles. 

The  armature  is  driven  by  a  prime  mover  whose  power  is  thereby 
transformed  into  electrical  energy,  and  delivered  to  the  line  through  the 


Shift 


Fluid 


Fig.  204.     The  principal  parts  of  a  direct-current  generator  or  motor. 

armature  terminals.  The  armature  itself  consists  of  a  cylindrical  iron 
core,  mounted  on  the  shaft  and  provided  with  slots  on  its  periphery.  A 
winding  consisting  of  copper  b^rs  or  coils  is  placed  in  these  slots.  The 
coils  are  properly  interconnected  so  as  to  assist  each  other  in  their 
electrical  action,  and  are  also  connected  to  the  so-called  commutator 
shown  to  the  left.  The  commutator  converts  alternating  voltages  and 
currents,  induced  in  the  armature,  into  direct  voltages  and  direct  cur- 
rents.    This  commutator  consists  of  copper  segments  mounted  on  a 
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sleeve  and  insulated  from  each  other  by  sheets  of  mica.  Two  or  more 
stationary  carbon  brushes  make  contact  with  the  commutator  seg- 
ments and  conduct  direct  current  to  the  line. 

The  stationary  frame  and  the  poles  are  made  of  some  magnetic 
material,  such  as  cast  iron  or  steel.  The  pole-pieces  may  be  cast 
with  the  frame,  or  cast  into  the  frame,  or  bolted  to  it.  The 
poles  are  provided  with  windings,  through  which  direct  current  is 
sent,  necessary  for  exciting  the  magnetic  field.  The  exciting  current 
is  usually  generated  by  the  machine  itself,  as  is  explained  in  the  next 
article. 

300.  Self-Excitation.  —  The  most  commonly  employed  connections 
between  the  field  winding  and  the  armature  are  shown  in  Fig.  265. 
The  field  winding  consists  of  many  turns  of  a  comparatively  small 


Field  Ammeter 


.Voltmeter 

Main  Ammeter 
Main  Switch    f     ^  Load 


( Armature )  \     |   ^        Line 

f 

fuaes  or  Circuit-breaker 


X  X  X  X  X  X 


Field  Rheostat 


Fig.  265.    Diagram  of  connections  between  a  shunt- wound  generator  and 

the  load. 


wire,  and  is  connected  across  the  brushes  of  the  machine,  in  other 
words,  in  parallel  with  the  armature  winding  and  with  the  cur- 
rent-consuming devices  in  the  external  circuit.  Such  generators 
are  called  shunt-wound  machines,  the  field  winding  being  "shunted" 
across  the  armature  terminals.  The  rheostat  shown  in  the  exciting 
circuit  is  for  regulating  the  field  current,  so  as  to  maintain  the  proper 
voltage. 

Self-excitation  is  made  possible  by  virtue  of  residual  magnetism  in 
the  frame  and  in  the  pole-pieces  of  the  machine.  The  machine  once 
magnetized  from  an  external  source  retains  a  small  part  of  the  magnet- 
ism permanently.  When  started,  with  the  line  circuit  open,  the  residual 
magnetism  induces  a  small  current  in  the  armature;  this  current  flows 
through  the  field  winding  and  strengthens  the  original  field.  This 
increased  field  induces  stronger  currents  in  the  armature,  which  sends 
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a  stronger  current  through  the  field,  etc.,  until  the  excitation  reached 
its  full  value. 

The  voltage  induced  in  the  armature  is  proportional  to  the  magnetic 
flux  issuing  from  the  poles  (this  is  according  to  the  fundamental  law 
of  induction) .  The  flux  itself  depends  on  the  value  of  the  exciting 
current,  so  that  finally  the  voltage  of  the  machine  depends  on  the 
exciting  or  field  current  (Fig.  266).  If  iron  had  a  constant  permeability, 
this  curve  would  be  a  straight  line,  the  magnetic  flux  and  the  induced 
voltage  being  proportional  to  the  exciting  current.    In  reality  the  per- 


Field  Amperes 


Fig.  266.     No-load  characteristic. 


meability  of  iron  decreases,  as  the  flux  density  increases,  the  iron  being 
gradually  "saturated"  (§  141).  This  explains  the  shape  of  the  curve 
in  Fig.  266:  the  flux,  and  therefore  the  induced  voltage,  increase  more 
slowly  than  the  exciting  current.  The  curve  is  called  the  no-load 
saturation  curve,  no-load  characteristic,  or  the  magnetization  curve  of 
the  machine. 

301.  EXPERIMENT  15-A.—  No-Load  Characteristics  of  a 
Shunt-Wound  Generator.  —  The  purpose  of  the  experiment  is  to 
determine  the  relation  between  the  exciting  current  and  the  ter- 
minal voltage  of  a  shunt-wound  machine,  at  no  load  (Fig.  266). 
The  generator  (Fig.  265)  \ss  driven  at  its  rated  speed  by  a  belted 
or  direct-connected  motor.  An  ammeter  is  inserted  into  the  field 
circuit,  and  a  voltmeter  across  the  brushes,  —  the  main  line  circuit  is 

kept  open. 

(1)  The  readings  are  begun  with  the  highest  possible  value  of  the 
field  current,  in  other  words,  with  the  filed  rheostat  short-circuited; 
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the  field  is  then  reduced  in  steps  to  zero.  Readings  should  be  taken  of 
amperes,  volts  and  the  speed  of  the  machine.  The  value  of  the  resid- 
ual magnetism  at  the  beginning  of  the  experiment  is  rather  indefinite; 
therefore  it  is  advisable  to  begin  the  excitation  at  its  maximum  and 
reduce  it  to  zero.  After  this,  take  readings  with  an  increasing  field 
current,  in  order  to  see  the  influence  of  residual  magnetism.  This  is 
analogous  to  taking  a  hysteresis  loop,  shown  in  Fig.  161. 

(2)  Induced  voltage  is  proportional  to  the  speed  of  the  machine, 
provided  the  field  current  is  kept  constant;  this  is  according  to  the 
fundamental  law  of  induction.  To  prove  this  experimentally,  select 
a  field  excitation  and  drive  the  machine  within  as  wide  a  range  of  speed 
as  the  driving  motor  will  permit.  Keep  the  exciting  current  con- 
stant by  regulating  the  field  rheostat,  or  excite  the  machine  from  a 
separate  source.  Repeat  this  run  with  two  or  three  different  values  of 
field  current. 

(3)  Finally  investigate  the  ability  of  the  machine  to  excite  itself. 
Run  it  at  the  rated  speed,  and  find  the  rheostat  notch  on  which  the 
field  just  begins  to  build  up.  Measure  the  corresponding  field  current, 
the  final  voltage,  and  the  number  of  seconds  of  time  from  the  closing 
of  the  field  switch  to  the  moment  when  the  voltage  reaches  its  final 
value.  Repeat  the  same  experiment  with  less  resistance  in  the  field 
rheostat. 

Report.  Draw  a  diagram  of  the  connections  used  and  give  a  short 
description  of  the  machine.  Plot  the  saturation  curve,  shown  in  Fig. 
266,  correcting  the  voltages  (by  direct  proportion)  where  the  speed 
was  above  or  below  normal.  Plot  curves  showng  proportionality  of 
voltage  to  speed.  Give  numerical  results  of  the  experiment  on  self- 
excitation. 

302.  Voltage  Drop  and  Regulation. —  One  of  the  most  important 
requirements  in  practical  operation  of  generators,  supplying  current 
for  light  and  power,  is  that  the  terminal  voltage  must  be  nearly  con- 
stant, independent  of  the  load.  This  practically  iqeans,  that  each  cus- 
tomer should  get  the  same  quantity  of  light  from  his  lamps,  and  same 
speed  from  his  motors,  whether  many  or  only  a  few  other  customers 
are  using  current  at  the  same  time. 

This  condition  cannot  be  strictly  fulfilled  with  a  shunt-wound 
machine,  unless  the  field  current  is  regulated  by  the  field  rheostat. 
Without  regulation  the  voltage  drops  considerably,  as  the  load  increases. 
This  is  due  to  the  following  three  causes: 

(a)  Part  of  the  induced  voltage  is  consumed  in  the  resistance  of  the 
armature;  this  drop  (ir)  is  proportional  to  the  armature  current,  or 
(practically)  to  the  load  of  the  machine. 
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(6)  The  armature  currents  tend  to  produce  a  magnetization  opposite 
to  that  due  to  the  shunt  field  winding,  and  in  this  way  weaken  the 
original  field  (§  147).  The  voltage  induced  in  the  armature  is  therefore 
correspondingly  lower. 

(c)  As  the  terminal  voltage  of  the  machine  decreases,  on  account  of 
the  above  two  causes,  the  current  in  the  shunt  winding  also  decreases 
in  the  same  proportion.  This  again  weakens  the  field  and  reduces  the 
voltage  still  further. 

Curves  which  show  the  influence  of  the  load  on  the  voltage  of  a 
machine  are  generally  called  its  characteristics  (Fig.  267).    They  show 


Armature  Amperes 
Fig.  267.     Performance  curves  of  a  shunt-wound  generator. 


voltage  fluctuations  of  the  machine,  variation  of  field  current,  etc.,  with 
changes  of  load. 

When  a  shunt- wound  generator  is  running  on  a  variable  load,  the 
operator  usually  regulates  the  voltage  from  time  to  time,  by  means  of 
the  field  rheostat,  keeping  it  fairly  constant.  In  order  to  see  what 
regulation  can  be  expected  under  such  conditions,  two  characteristics 
may  be  taken  in  the  laboratory,  as  corresponding  to  two  extreme 
cases  : 

(1)  The  machine  is  left  entirely  without  attention,  so  that  the  voltage 
fluctuates  freely  with  the  load;  see  §  304. 

(2)  The  switchboard  attendant  regulates  the  field  continuously,  thus 
keeping  the  voltage  absolutely  constant;  see  §  305. 

In  actual  practice  an  intermediate  condition  exists:  the  attendant 
does  not  watch  the  voltmeter  constantly,  but  corrects  the  voltage  from 
time  to  time. 

According  to  the  standardization  rules  of  the  American  Institute  of 
Electrical  Engineers,  the  regulation  of  self-exciting  machines  is  de- 
fined as  per  cent  increase  in  voltage,  when  full  load  is  thrown  off 
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the  machine,  the  speed  and  the  setting  of  the  field  rheostat  remain- 
ing unchanged.  To  illustrate,  suppose  the  rated  voltage  of  a  shunt- 
wound  generator  to  be  100  volts.  Full  load  is  put  on  the  machine, 
the  field  rheostat  being  adjusted,  so  that  the  terminal  voltage  is  100 
volts,  then  the  main  switch  is  opened.  Let  the  terminal  voltage, 
when  the  prime  mover  comes  back  to  the  nonnal  speed,  be  109  volts. 
According  to  the  above  definition,  the  regulation  of  the  machine  is 
9  per  cent. 

303.  Components  of  Voltage  Drop.  —  The  curve  of  terminal  volts, 
shown  in  Fig.  267,  refers  to  the  case,  when  the  generator  is  left  without 
attention,  so  that  all  three  causes  of  the  voltage  drop  in  the  armature 
(§  302)  take  place  to  their  full  extent.  These  three  factors  are  shown 
separately  in  Fig.  268. 

The  ohmic  drop  a  is  calculated  by  multiplying  the  armature  current 

by  the  resistance  of  the  arma- 
ture (including  that  of  the 
brushes).  The  drop,  due  to 
the  decrease  in  the  field  cur- 
rent, can  be  found  from  the 
no-load  characteristic  shown 
in  Fig.  266.  Knowing  from 
Fig.  267  the  values  of  the  field 
Armature  Amperes  current  Oa  at  no  load  and  Oc 

„     _      „,,  .     ,  at  the  load  under  considera- 

ble 268.      The  components  of  vol tage  droD      , .  ,i  ,.  , 

in  a  shunt-wound  generator  tl0n'    the    c°rrespondmg    de" 

crease  in  voltage  W  can  be 
read  off  directly  on  the  curve.  The  remainder  of  the  total  ob- 
served drop  is  caused  by  the  armature  reaction.  In  most  text- 
books it  is  stated  that  voltage  drop  in  shunt-wound  generators  is 
caused  by  two  factors:  ohmic  drop  in  the  armature,  and  the  armature 
reaction.  This  is  true,  so  long  as  the  machine  is  separately  excited, 
or  the  exciting  current  is  kept  constant.  In  the  actual  operation, 
however,  the  exciting  current  itself  varies  with  the  terminal  voltage  of 
the  machine,  so  that  in  analyzing  the  voltage  drop  of  a  machine 
left  to  itself  (without  regulation),  this  third  cause  must  also  be 
considered. 

When  making  a  special  study  of  the  armature  reaction,  the  field 
current  can  be  kept  constant  from  no  load  to  full  load,  by  means  of 
the  field  rheostat.  In  this  case,  the  voltage  drop  is  caused  by  two 
factors  only:  ohmic  drop  and  armature  reaction.  Subtracting  the 
former,  we  readily  find  the  magnitude  of  the  armature  reaction,  with 
a  given  load  and  excitation. 
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304.  EXPERIMENT  15-B.—  Voltage  Characteristics  of  a  Shunt- 
Wound  Generator.  —  The  purpose  of  the  experiment  is  to  determine 
the  performance  curves  shown  in  Fig.  267,  and  to  separate  the  voltage 
drop  into  its  components,  as  per  Fig.  268.  This  corresponds  to  the  first 
extreme  condition  of  operation,  mentioned  in  §  302.  The  machine  is 
connected  up  as  in  Fig.  265,  and  is  driven  at  its  rated  speed  by  a  motor. 
The  readings  may  be  conveniently  recorded  on  a  data  sheet,  similar  to 
that  shown  below. 


Normal  Voltage  at Load. 

Field 
Amps. 

Load 
Amps. 

Volts. 

Speed. 

Inst.  No. 

i 

Const. 

• 

t 

Bring  the  machine  up  to  its  full  speed,  and  load  it  on  resistances;  regu- 
lating these  resistances  and  the  field  rheostat,  so  as -to  get  the  rated 
voltage  of  the  machine  at  a  load  exceeding  the  rated  capacity  of  the 
machine  by  about  25  per  cent.  Read  amperes  load,  voltage  of  the 
machine,  and  field  current;  the  speed  should  be  kept  as  nearly  constant 
as  possible,  throughout  the  whole  test.  Now  reduce  the  load  somewhat, 
leaving  the  field  rheostat  in  the  same  position  as  before;  in  other  words, 
allowing  the  voltage  of  the  machine  to  vary  at  will.  Read  again,  — 
volts,  amperes  and  field  current;  then  again  reduce  the  load,  etc.,  until 
all  of  the  load  is  gradually  taken  off  the  machine. 

The  same  test  is  then  repeated  with  another  setting. of  the  field 
rheostat, — for  instance,  such  that  the  full  rated  voltage  takes  place  at 
100  per  cent,  or  at  75  per  cent  of  full  load;  it  is  also  desirable  to  have  a 
third  curve  corresponding  to  such  a  position  of  the  field  rheostat,  that  the 
machine  gives  its  full  rated  voltage  at  a  small  load,  say  about  25  per 
cent  of  full  load  or  even  at  no  load.  In  each  case,  after  having  properly 
set  the  rheostat,  begin  the  run  with  about  25  per  cent  overload,  and 
gradually  reduce  the  load  to  zero. 

Having  finished  the  test,  measure  the  ohmic  resistance  of  the  arma- 
ture, with  and  without  the  resistance  of  the  brushes;  use  the  drop-of- 
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potential  method  (§  10).  The  no-load  saturation  curve  (Fig.  266)  is 
supposed  to  be  known  from  experiment  15-A;  otherwise  it  should  be 
taken  before  leaving  the  laboratory. 

Report.  Plot  the  curves,  shown  in  Fig.  267,  for  the  three  runs  made. 
Armature  amperes  are  obtained  by  adding  field  amperes  to  load 
amperes.  Kilowatt  output  is  calculated  as  a  product  of  load  amperes 
by  terminal  volts  (divided  by  1000).  Figure  per  cent  regulation  of 
the  machine  at  full  load,  as  explained  at  the  end  of  §  302.  For  one  of 
the  curves  separate  the  voltage  drop  into  its  three  components,  as  in 
Fig.  268. 

305.  EXPERIMENT  1 5-C.  —  Excitation  Characteristics  of  a 
Shunt- Wound  Generator. — This  experiment  corresponds  to  the  second 
extreme  condition  mentioned  in  §  302,  namely,  the  operator  regulates 
the  field  rheostat  continually  so  as  to  keep  the  terminal  voltage  con- 
stant. The  purpose  of  the  experiment  is  to  ascertain  the  necessary 
variations  in  field  current.  The  connections  are  the  same  as  in  Fig. 
265;  the  same  data  sheet  may  be  used  as  in  the  preceding  experiment, 
except  that  the  voltage,  instead  of  the  setting  of  the  field  rheostat,  is 
now  kept  constant.  Bring  up  the  load  and  the  field  current  of  the 
machine  so  as  to  have  the  full  rated  voltage  at  a  reasonable  overload, 
say  25  per  cent;  then  gradually  reduce  the  load  and  take  readings. 
The  resistance  in  the  field  circuit  must  be  gradually  increased,  so  as  to 
keep  the  terminal  voltage  constant. 

Per  cent  variation  in  field  current  depends  on  the  degree  of  saturation 
of  the  machine  ($  141)  and  is  less  with  highly  saturated  machines. 
This  is  evident  when  we  consider  that  a  larger  number  of  field  ampere- 
turns  are  required  with  higher  saturation;  therefore  the  same  number 
of  armature  demagnetizing  ampere-turns  constitutes  a  smaller  per  cent 
of  the  active  ampere-turns,  and  its  influence  is  less  noticeable. 

To  see  the  influence  of  saturation,  repeat  the  same  test  at  as  high  a 
terminal  voltage  as  it  is  possible  to  obtain  at  full  load.  Then  perform 
a  similar  run  at  a  voltage  considerably  belowr  normal. 

Report.  Plot  performance  curves,  as  in  Fig.  267.  Determine  per 
cent  variation  in  field  current,  between  no  load  and  full  load.  Show 
that  the  regulation  is  better,  the  higher  the  saturation  of  the  magnetic 
circuit  of  the  machine. 

306.  Compound  Winding.  —  The  above  two  experiments  show 
that  the  terminal  voltage  of  a  shunt-wound  machine  decreases,  as  the 
load  increases.  In  order  to  keep  the  voltage  constant,  it  is  necessary 
to  regulate  the  field  rheostat,  increasing  the  exciting  current  as  the  load 
increases.     The  same  effect  can  be. obtained  automatically  by  placing 
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on  the  pole-pieces  a  second  winding,  in  series  with  the  main  circuit 
(Fig.  269).  As  the  main  current  increases,  more  current  flows  through 
the  series  winding,  adding  excitation  to  that  supplied  by  the  shunt 
winding.    By  properly  adjusting  the  number  of  turns  in  the  series 


Fig.  269.     Shunt-wound  generator  to  the  left,  compound-wound  generator 

to  the  right. 

winding,  the  voltage  at  the  terminals  of  the  machine  is  made  practi- 
cally independent  of  the  load.  This  additional  series  winding  is  called 
the  compounding  vrinding,  and  the  machine  is  called  compound-vxmnd. 
In  reality  the  voltage  curve  (flat  compounded)  has  an  aspect  as 
shown  in  Fig.  270.    The  machine  compounded  so  as  to  give  the  same 


Amperes  load 
Fio.  270.     Effect  of  series-field  winding  on  voltage  characteristics  of  a  generator. 

voltage  at  full  load  as  at  no  load,  gives  somewhat  higher  voltages  at 
partial  loads.  This  is  caused*  by  the  magnetic  flux  of  the  machine 
being  not  proportional  to  the  number  of  exciting  ampere-turns.  Com- 
mercial machines  are  often  designed  with  such  a  degree  of  saturation 
in  the  magnetic  circuit  that  this  circumstance  is  scarcely  noticeable. 
In  many  cases  this  rise  in  voltage  above  normal  at  partial  loads  is  of 
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no  consequence;  if,  however,  an  exact  compounding  is  required,  a  little 
regulation  of  the  field  rheostat  by  hand  becomes  necessary. 

By%providing  more  turns  in  the  series  winding  than  is  necessary  to 
compensate  for  the  voltage  drop,  the  machine  is  over-compounded,  — 

in  other  words,  its  voltage 
rises  with  the  load  (upper 
curve  in  Fig.  270).  This  is 
frequently  done  in  genera- 
tors' supplying  power  for 
electric  railways;  over-com- 
pounding is  there  necessary 
to  compensate  for  voltage 
drop  in  long  feeders,  and 
thus  to  give  a  more  con- 
stant pressure  on  the  trolley 
wire.  Suppose,  for  instance, 
that  the  drop  in  a  feeder 
at  full  load  is  50  volts; 
then,  in  order  to  give  the 
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Fig.  271.  Diagram  of  connections  in  a  com- 
pound-wound generator  with  the  shunt- 
field  winding  connected  across  the  armature 
(short  shunt). 


standard  voltage  of  500  volts  on  the  trolley  wire,  the  generator  voltage 
has  to  be  550  volts.  At  half  load  the  drop  in  the  feeder  is  only  25 
volts;  so  the  generator  voltage  must  be  525  volts  in  order  to  give  the 
same  pressure  on  the  trolley 
wire.  Finally,  at  very  light 
loads  the  drop  in  the  feeder 
is  negligible,  and  the  gene- 
rator pressure  must  be 
about  500  volts.  Thus,  the 
curve  of  the  generator  pres- 
sure must  be  a  straight  line, 
ascending  with  the  current. 
It  is  difficult  to  design 
a  machine  with  the  right 
number  of  series  turns  for 
a   certain   degree   of   com- 
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Fig.-  272.  Diagram  of  connections  in  a  com- 
pound-wound generator  with  the  shunt-field 
winding  connected  across  the  terminals  of 
the  machine  (long.ahunt). 


pounding.  The  perme- 
ability of  iron  may  be 
somewhat  different  from  that  admitted  in  the  calculations,  and  the 
armature  reaction  cannot  be  predetermined  with  a  sufficient  accuracy. 
Moreover,  different  customers  may  desire  the  same  type  of  machine 
"with  a  different  degree  of  over-compounding.  Therefore,  generators 
are  usually  provided  with  a  number  of  series  turns,  sufficient  for  a 
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reasonably  high  degree  of  over-compounding,  and  the  compound  wind- 
ing is  shunted  to  a  desired  degree  by  German  silver  strips  (Figs.  271  and 
272),  so  that  only  part  of  the  total  current  flows  through  the  series 
field.  In  this  way  the  magnetizing  action  is  reduced,  and  by  varying 
the  resistance  of  the  shunt,  any  degree  of  compounding  is  obtained, 
without  changing  anything  in  the  machine  itself. 

The  shunt  winding  of  compound-wound  generators  can  be  connected 
either  across  the  armature  (short  shunt,  Fig.  271),  or  across  the  ter- 
minals of  the  machine  (long  shunt,  Fig.  272).  There  is  not  much 
difference  in  the  performance  of  these  two  types,  both  of  which  are 
used  in  practice. 

307.  Number  of  Turns  in  the  Series  Winding.  —  The  number  of 
turns  in  series  windings,  necessary  for  flat-compounding,  may  be  deter- 
mined either  by  successive  trials,  or  better,  by  the  following  experiment: 
Suppose  the  machine  under  test  to  be  a  110- volt  200-ampere  generator; 
let  the  machine  give  110  volts  at  no  load  at  a  field  current  of  5.5  amperes. 
When  full  load  is  put  on  and  the  series  winding  is  disconnected  the 
voltage  naturally  drops;  and  in  order  to  raise  it  to  110  volts  the  shunt 
field  excitation  must  be  increased  to,  say,  6.1  amperes.  Let  the  total 
number  of  turns  on  the  shunt  winding  be  2400;  then  the  difference 
(6.1  —  5.5)  X  2400  =  1440  ampere-turns,  represents  the  additional 
excitation,  necessary  for  compensating  the  armature  reaction  and  the 
ohmic  drop  in  the  armature.  This  number  of  ampere-turns  is  to  be 
supplied  by  the  series  winding  at  the  full-load  current  of  200  amperes; 
consequently,  in  the  series  winding  there  must  be  about  8  turns 
(200  X  8  =  1600  ampere-turns).  This  is  somewhat  more  than  neces- 
sary, but  an  allowance  has  to  be  made  to  compensate  for  the  ohmic 
drop  in  the  compounding  winding  itself. 

The  number  of  turns  required  for  any  degree  of  over-compounding 

may  be  determined  in  a  similar  way.     With  the  same  data  as  before, 

suppose  the  machine  to  give  the  right  voltage  (110  volts)  at  full  load, 

with  8  turns  of  compounding  winding  and  with  the  same  field  current  of 

5.5  amperes  as  at  no  load.    Let  it  be  required  now  to  put  on  more 

turns  of  compounding  winding,  in  order  to  get  116  volts  at  full  load. 

To  determine  this  additional  number  of  turns  experimentally,  strengthen 

the  shunt  field  until  the  vplt meter  reads  116  volts  at  the  terminals  of 

the  machine.     Suppose  the  necessary  field  current  to  be  6.2  amperes, 

which  corresponds  to  an  additional  excitation  of  (6.2  —  5.5)  X  2400  = 

1680  ampere-turns.     Not  all  of  this  excitation,  however,  needs  to  be 

supplied  by  the  series  winding,   because  with   the  higher  terminal 

voage  the  shunt  current  increases  automatically;  in  our  case  it  will  be 

Is 
~  X  5.5  =  5.8  amperes,  which  consequently  means  an  increase  of 
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(5.8  —  5.5)  X  2400=  720  ampere-turns;  the  rest,  1680—720  =  960 
ampere-turns  must  be  supplied  by  the  series  winding.  With  a  current 
of  200  amperes,  5  turns  will  be  sufficient  to  bring  about  the  desired  over- 
compounding  (in  addition  to  8  turns  put  on  before). 

If  the  number  of  turns  in  the  shunt  winding  is  not  known  from  the 
design  data  of  the  machine,  it  can  be  easily  determined  by  exciting  the 
machine  separately  by  a  known  number  of  ampere-turns  and  comparing 
the  voltage  thus  obtained  with  that  given  by  self-excitation.  For 
instance,  if  it  takes  72  turns  of  an  auxiliary  winding  at  a  current  of  100 
amperes  to  excite  the  machine  up  to,  say,  50  volts,  while  it  takes  only 
3  amperes  to  induce  the  same  voltage  by  using  the  shunt  winding,  then 
the  number  of  turns  of  the  shunt  winding  is  evidently 

100  X  72 

=  2400  turns. 


308.  EXPERIMENT  1 5-D.  —  Exercises  in  Compounding  Direct- 
Current  Generators.  —  The  purpose  of  the  experiment  is  to  investigate 
the  action  of  the  compounding  winding,  explained  in  §§  306  and  307. 
The  machine  used  for  this  exercise  should  be  a  shunt-wound  generator; 
the  student  himself  is  expected  to  provide  it  with  a  compound  winding. 
The  experiment  can  be  conveniently  conducted  as  follows: 

(1)  Take  a  load  characteristic  of  the  machine,  using  it  as  a  shunt 
generator,  that  is  to  say,  without  the  compounding  winding.  Set  the 
field  rheostat  so  as  to  get  the  rated  voltage  at  no  load,  and  then  keep 
it  in  this  position,  gradually  increasing  the  load  to,  say,  25  per  cent  over- 
load. Note  the  voltage  drop  with  the  increasing  load.  This  run  is 
intended  to  give  an  idea  of  what  the  regulation  of  the  machine  would 
be  without  the  series  winding. 

(2)  Set  the  field  rheostat  and  the.  load  resistances  so  as  to  get  full 
rated  load  current  at  normal  voltage.  Note  the  necessary  increase  in 
field  current. 

(3)  Determine  the  number  of  turns  in  the  shunt  winding.  To  do 
this,  first  take  a  magnetization  curve  of  the  machine  using  the  shunt 
winding  only.  Then  put  a  known  number  of  turns  on  the  field  magnets 
of  the  machine,  and  take  the  same  no-load  characteristic,  having  the 
machine  separately  excited  through  this  field.  The  shunt  winding 
must  in  this  case  be  kept  open.  The  comparison  of  the  exciting  currents 
in  both  cases  will  permit  the  determination  of  the  number  of  turns  in 
the  shunt  winding,  as  explained  above. 

(4)  From  the  results  of  (2)  and  (3)  figure  out  the  necessary  nu^irf 
of  series  turns  for  flat  compounding  and  place  them  on  the  macj 
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(5)  Check  the  number  of  series  turns  by  taking  a  load  c  haracteristic 
of  the  machine. 

(6)  Determine  the  number  of  series  turns  for  over-compounding  the 
machine  by  about  10  per  cent,  and  check  the  results  experimentally. 

(7)  Shunt  the  series  winding  by  a  German-silver  strip,  and  adjust 
it  so  as  to  again  make  the  machine  flat-compounded. 

Report.  (1)  Plot  the  load  characteristics  (Fig.  267)  with  and  with- 
out compounding  winding;  also  for  over-compounding,  if  sufficient  data 
were  taken  in  the  laboratory. 

(2)  Plot  no-load  characteristics  obtained  by  using  the  shunt  wind- 
ing alone,  and  the  series  turns  alone;  explain  how  the  number  of  turns 
in  the  shunt  winding  was  determined  from  these  two  curves,  and  give 
the  numerical  results. 

(3)  Explain  how  the  number  of  turns  of  the  series  winding  was 
predetermined  for  flat-compounding  and  for  over-compounding. 

(4)  Give  the  result  of  applying  German-silver  shunts. 

309.  Tirrell  Regulator.  —  The  compounding  winding  does  not 
give  a  perfect  voltage  regulation,  nor  does  it  correct  for  speed  fluctua- 
tions of  the  prime  mover;  moreover,  the  machine  must  be  made  some- 
what larger  and  heavier,  in  order  to  accommodate  the  series  wind- 
ing. Various  attempts  have  been  made  to  do  away  with  the  series 
winding  and  to  regulate  the  voltage  of  the  machine  automatically, — 
for  instance,  by  solenoids,  acting  on  the  shunt-field  rheostat.  An 
objection  to  such  regulators  is  that  they  are  rather  sluggish,  not 
following  variations  in  voltage  quickly  enough. 

Mr.  Tirrell  conceived  the  idea  of  accomplishing  an  automatic  voltage 
regulation  by  periodically  short-circuiting  the  field  rheostat,  or  a 
portion  of  it  (Fig.  263).  This  is  done  by  light  vibrating  contacts 
with  practically  no  inertia.  The  relative  lengths  of  time,  during  which 
the  rheostat  is  short-circuited  or  active,  determine  the  average  value  of 
the  field  current  and  consequently  the  voltage  of  the  machine.  The 
leads  from  the  field  rheostat  are  short-circuited  between  the  platinum 
tips  marked  "relay  contacts  ";  a  condenser  is  placed  across  the  con- 
tacts for  reducing  sparking.  The  closing  and  opening  of  these  contacts 
is  done  by  the  differentially  wound  electromagnet,  controlled  by  the 
"main  contacts. "  The- main  contacts  are  closed  and  opened  by  the 
control  electromagnet  connected  across  the  main  bus-bars. 

The  action  of  the  regulator  is  as  follows:  Suppose. the  main  contacts 
to  be  open;  then  the  left-hand  side  only  of  the  differential  electro- 
magnet is  energized;  it  opens  the  relay  contacts  and  cuts  the  field 
rheostat  into  the  circuit.  The  terminal  voltage  of  the  machine  imme- 
diately drops  below  normal.     This  reduces  the  current  in  the  control 
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electromagnet,  and  the  spring  above  it  closes  the  main  contacts.  Now  a 
current  flows  through  the  right  branch  of  the  differential  electromagnet 
and  destroys  its  previous  magnetization.  The  spring  above  closes  the 
relay  contacts  and  short-circuits  the  field  rheostat.  The  line  voltage 
rises  above  normal,  the  main  contacts  are  again  opened,  and  the  opera- 
tions of  the  two  electromagnets  are  repeated  in  the  same  order.  In 
reality,  both  contacts  are  continually  vibrating;  the  periods  during  which 
the  relay  contacts  are  closed  adjust  themselves  automatically,  so  as  to 
maintain  a  constant  voltage  at  the  terminals  of  the  machine. 
An  effect,  similar  to  over-compounding,  is  produced  by  providing 


Fig.  278.     Diagram  of  connections  of  a  Tirrell  voltage  regulator  for  use  with 
direct-current  generators. 


an  additional  series  winding  on  the  main  control  electromagnet.  The 
voltage  then  rises  as  the  load  increases.  It  is  not  necessary  to  send  the 
whole  main  current  through  this  winding,  but  merely  a  small  part  of  it. 
To  accomplish  this,  a  low-resistance  shunt  is  inserted  into  the  main 
circuit;  the  series  winding  of  the  electromagnet  is  connected  across  the 
terminals  of  this  shunt,  as  in  direct-current  ammeters  (Fig.  35).  The 
series  winding  opposes  the  action  of  the  shunt  winding;  therefore,  with 
a  heavy  load  on  the  line  the  control  electromagnet  becomes  weaker,  and 
the  opposing  spring  keeps  the  main  contacts  closed  for  a  compara- 
tively longer  time. 
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Fig.  274  shows  the  external  view  of  a  Tirrell  regulator;  the  main 
relay  contacts  are  seen  to  the  left,  the  differential  electromagnet  to  the 
right.  The  radial  switch  below  is  for  connecting  the  regulator  to  the 
field  of  any  of  the  machines  working  in  parallel.  The  double-throw 
switches  are  for  reversing  the  polarity  of  the  spark,  so  as  to  wear  the 
contacts  equally. 

310.    EXPERIMENT  15-E.  —  Study  of  Tirrell  Regulator.  —  The 

regulator,  described  in  the  preceding  article,  is  connected  as  shown  in  Fig. 
273.  The  experiment  consists  in  ob- 
serving its  performance  under  various 
conditions  met  with  in  practice.  Vary 
the  load  of  the  machine  alternately 
gradually  and  suddenly;  vajy  the 
speed  of  the  driving  motor,  setting 
of  the  field  rheostat,  adjustment  of 
the  regulator  springs,  etc.,  noting 
how  the  voltage  regulation  is  affected 
by  these  changes.  Connect  the  com- 
pounding winding  of  the  regulator, 
and  observe  its  action.  If  two  or 
more  generators  are  available,  run 
them  in  parallel,  and  have  one  of 
them  connected  to  the  Tirrell  regu- 
lator. See  if  the  machines  distribute 
the  fluctuating  load  properly  under 
these  conditions;  perform  this  experi- 
ment with  shunt-wound  and  with 
compound-wound  machines.  Investigate  all  the  factors  separately  and 
report  results  observed. 


Fig.  274.     Tirrell  voltage  regulator  for 
direct-current  generators. 


OPERATION    IN    PARALLEL. 

311.  It  is  common  practice  in  power  houses  to  have  more  than  one 
generator  connected  to  the  same  bus-bars  and  operated  simultaneously. 
This  gives  a  more  flexible  arrangement  than  one  large  machine  of  a 
size  sufficient  to  supply  the  heaviest  load  of  the  day.  The  chief  advan- 
tages of  having  more  than  one  machine  are: 

(1)  The  number  of  machines  actually  used  during  certain  hours 
can  be  made  to  correspond  closely  to  the  demand;  this  permits  the 
operation  of  the  machines  near  the  point  of  their  maximum  efficiency. 

(2)  An  accident  to  one  machine  does  not  shut  down  the  whole 
station. 
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In  large  power  houses  it  is  necessary  to  use  several  machines,  simply 
because  the  total  output  is  considerably  above  the  capacity  of  the 
largest  generator  built. 

With  the  system  of  distribution  of  electrical  energy  used  at  present 
(constant-potential  system),  machines  which  operate  simultaneously  are 
connected  in  parallel,  so  that  each  runs  at  full  voltage  and  supplies  a 
part  of  the  current  demand.* 

Certain  conditions  must  be  fulfilled  in  order  that  tw  ,x>re  machines 
can  supply  power  to  the  same  bus-bars,  without  inter:-  ng  with  each 
other,  and  each  take  a  proportionate  share  of  the  total  .uad.  When 
but  one  machine  is  connected  to  the  line,  the  pbwfer  generated  can 
flow  only  into  the  line;  when,  however,  two  generators  are  connected  to 
the  sam&JiM,  the  current  from  the  fust  machine,  instead  of  flowing  to 
the  hue,  may,  unde^ertain  circumstan<5es,  also  flow  into  the  second 
machine,  driving  it  as  mote*  In  this  case,  the  second  machine  not 
only  does  not  help  the  first  one,  but  constitutes  an  additional  use- 
less load  for  it.  Even  if  this  is  prevented,  and  both  machines  are 
working  as  generators  sending  power  into  the  line,  it  does  not  neces- 
sarily follow  that  each  machine  takes  its  proper  share  of  load,  unless 
certain  conditions  are  fulfilled. 

These  conditions  are  discussed  in  the  following  articles;  shunt- wound 
machines  are  more  easily  operated  in  parallel  than  compound-wound 
machines  and  are  therefore  considered  first. 

3 1 2.  Shunt-Wound  Generators  in  Parallel. —  Two  identical  shunt- 
wound  machines  driven  by  identical  prime  movers  usually  run  satis- 
factorily in  parallel,  and  automatically  divide  the  load  in  two  equal 
parts,  for  there  is  no  reason  why  one  machine  should  carry  more  load 
than  the  other.  If  it  should  endeavor  to  take  more  load,  its  voltage 
would  drop,  and  the  other  machine,  becoming  electrically  stronger, 
would  automatically  take  up  more  load. 

Referring  to  Fig.  275,  suppose  that  machine  No.  1  is  supplying  the 
load  and  that  it  becomes  necessary  to  put  the  other  machine  in  operation. 
Generator  No.  2  is  first  excited  so  as  to  give  the  same  voltage  as  No.  1 
(and  the  right  polarity,  of  course);  then  its  main  switch  is  closed.  The 
first  machine  still  continues  to  supply  thfe  total  load,  unless  the  excitation 
of  the  second  machine  be  somewhat  increased  and  that  of  the  first 
machine  reduced.     By  regulating  the  field  rheostats  of  both  machines, 

*  With  distribution  at  a  constant  current,  —  for  example,  for  arc  lighting  (§  230), 
or  as  is  proposed  for  certain  long-distance  transmission  lines, — the  machines,  if 
more  than  one  are  used,  must  be  connected  in  series,  each  supplying  the  total  line 
current,  and  taking  part  of  the  total  voltage.  The  considerations  of  the  present 
article  do  not  apply  to  such  systems. 
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the  load  can  be  divided  in  any  desired  proportion;  if  the  machines  are 
identical  in  operation  each  takes  its  share  of  load,  even  with  fluctuating 
current  and  voltage.  One  voltmeter  only  is  used  with  any  number 
of  machines  in  parallel.  Each  machine  is  provided  with  receptacles, 
such  as  pi  and  p2;  a  plug  is  inserted  in  one  of  the  receptacles,  and  thus 
connects  the  voltmeter  to  the  desired  machine. 

If  it  is  desired  to  disconnect  machine  No.  1  and  to  transfer  the  whole 
load  to  the  other  machine,  this  should  not  be  done  by  simply  opening 
the  main  switch  of  the  first  machine.    This  would  cause  an  arc  at  the 
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Fio.  275.     Two  shunt-wound  generators  in  parallel. 

switch,  the  line  voltage  would  drop,  and  the  second  machine  would 
experience  a  harmful  shock,  as  the  extra  load  is  suddenly  thrown  upon 
it.  This  may  not  be  noticeable  on  small  laboratory  generators,  but  is 
of  consequence  with  large  machines.  Therefore,  before  opening  the 
main  switch  of  one  of  the  machines  its  field  excitation  must  be  lowered 
and  that  of  the  other  machine  increased,  until  this  latter  carries  practi- 
cally the  whole  load.  Then  the  main  switch  can  be  opened  without 
disturbing  the  established  electrical  relations. 

By  lowering  the  field  excitation  of  the  first  generator  still  more,  its 
armature  current  is  reversed,  and  the  machine  begins  to  run  as  a  shunt 
motor,  driving  its  prime  mover.  This,  of  course,  must  be  avoided  in 
practice,  bu$,  should  it  accidentally  occur,  no  particular  harm  would 
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be  done,  as  the  machine  continues  to  run  in  the  same  direction.  Some 
power  houses  are  provided  with  "reverse-current  relays,"  or  special 
circuit-breakers,  which  open  the  circuit  of  the  machine  in  case  the 
current  becomes  reversed. 

If  the  two  machines  have  different  characteristics,  that  is  to  say, 
voltage  drop  in  one  differs  from  that  in  the  other  with  increasing  load, 
it  may  easily  occur,  that,  while  the  machines  divide  the  current  properly 
at  a  certain  load,  the  machine  which  has  the  smaller  internal  drop 
becomes  relatively  overloaded  on  heavier  loads,  and  vice  versa.  Under 
such  circumstances  it  becomes  necessary  to  artificially  "  spoil  "  the 
characteristics  of  the  better  machine,  by  connecting  some  resistance  in 
its  armature  circuit,  until  it  gives  the  same  per  cent  drop  as  the  other 
machine.  Then  the  machines  will  work  satisfactorily  under  all  load 
conditions,  unless  the  degree  of  saturation  in  their  magnetic  circuits  is 
very  different. 

313.  EXPERIMENT  15-F. —Operating  Shunt-Wound  Gener- 
ators in  Parallel.  —  The  student  is  given  in  the  laboratory  two  shunt- 
wound  generators  of  different  type,  possessing  different  characteristics; 
the  machines  are  connected  in  parallel,  as  shown  in  Fig.  275,  and  loaded 
on  a  rheostat.  Take  a  moderate  load  and  practice  in  transferring  it 
from  one  machine  to  the  other,  by  regulating  the  field  rheostats.  Also 
start  and  stop  one  of  the  machines  when  the  other  is  running,  without 
disturbing  thq  load.  Weaken  the  field  of  one  of  the  machines  until 
the  current  in  it  is  reversed  and  it  is  driven  by  the  other  machine  as  a 
motor.  Try  to  run  one  or  both  machines  in  parallel  with  the  laboratory 
direct-current  supply. 

After  this,  investigate  whether  the  machines  divide  the  current 
properly  at  all  loads.  Take  a  load  nearly  equal  to  the  total  capacity 
of  the  two  machines,  and  adjust  the  field  rheostat  so  that  each  machine 
takes  its  share  of  the  load.  Gradually  reduce  the  load  and  observe 
whether  it  is  all  the  time  divided  in  about  the  same  proportion.  If  not . 
introduce  some  resistance  into  the  armature  circuit  of  the  machine 
that  has  the  tendency  to  take  a  larger  amount  of  the  load.  Adjust  the 
resistance  to  the  best  value,  and  then  take  a  complete  curve  from  full 
load  to  no  load,  showing  the  current  distribution  between  the  two 
machines. 

314.  Compound-Wound  Generators  in  Parallel. — Two  compound- 
wound  generators,  connected  to  the  same  bus-bars,  are  shown  in  Fig. 
276.  The  general  scheme  of  connections  is  the  same  as  in  Fig.  275, 
except  for  the  addition  of  the  series  windings  of  the  machines.  The 
series  windings  are  provided,  if  necessary,  with  German-silver  shunts 
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(Figs.  271  and  272).  It  may  seem  at  first,  that  the  addition  of  series 
windings  should  not  in  any  way  affect  a  satisfactory  operation  of  the 
machines,  and  that  all  that  has  been  said  in  regard  to  shunt-wound 
machines,  is  directly  applicable  to  compound-wound  generators. 

Experience  shows,  however,  that  two  compound-wound  generators 
do  not  run  stable  enough  in  parallel,  unless  an  equalizing  connection 
Ei  E2  is  established  between  the  brushes  ai  and  a2,  adjacent  to  the  series 
windings. 

The  cause  for  this  is  as  follows:  Suppose  first,  that  the  switch  Ex 
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Fig.  276.     Two  compound-wound  generators  in  parallel. 


is  open  so  that  there  is  no  equalizing  connection,  and  assume  that  for 
some  reason  one  of  the  machines,  for  instance  No.  2,  gives  a  slightly 
higher  induced  e.m.f.  The  result  would  be  that  this  machine  would 
take  a  slightly  larger  share  of  the  load  than  No.  1 ;  therefore  a  larger 
current  will  flow  through  the  compounding  winding  of  No.  2  than 
through  thit  of  No.  1.  The  e.m.f.  of  No.  2  will  thereby  be  still  more 
increased,  and  the  share  of  load  of  the  other  machine  decreased.  This 
will  continue  until  one  of  the  machines  carries  the  whole  load,  while 
the  otlur  machine  runs  at  no  load.  After  this,  unless  the  machines  are 
provicUft  with  Teverse-current  circuit  breakers,  generator  No.  2  will 


-. 
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reverse  the  current  in  No.  1  and  will  drive  it  as  a  motor.  Such  an  inci- 
dent would  do  no  harm  to  a  shunt  machine,  as  was  mentioned  above; 
but  with  a  compound-wound  machine  the  reversed  current  flowing 
through  the  series  field  weakens  the  total  field,  and  the  machine  begins 
to  run  faster  and  faster,  driving  its  prime  mover.  This  causes  the  other 
machine  to  become  overloaded,  and  it  slows  down.  Now  machine  No.  1, 
having  a  higher  e.m.f.  because  of  a  higher  speed,  causes  a  sudden  rush 
of  current  into  the  line  and  into  the  other  machine;  the  phenomenon 
repeats  itself  with  the  machines  exchanging  their  relation  of  driver 
and  driven. 

315.  Action  of  the  Equalizer. — Whether  the  above  description  of 
"  pumping "  between  two  compound-wound  generators  is  exactly 
correct  or  not,  experience  shows  that  two  compound-wound  machines 
do  not  work  satisfactorily  without  an  equalizer  between  the  points  a\ 
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Fig.  277.     Diagram  illustrating  the  use  of  an  equalizing  connection  between 
two  compound. wound  generators  operating  in  parallel. 

and  a2\  the  load  is  distributed  unevenly  between  the  machines,  from 
moment  to  moment,  and  the  current  is  easily  reversed.  The  action 
of  the  equalizer  is  as  follows  (Fig.  277) :  Suppose,  as  before,  that  for 
some  reason  the  induced  e.m.f .  of  machine  No.  2  is  higher  and  therefore 
the  current  supplied  by  it  larger  than  that  of  machine  No.  1.  This 
tends  to  make  the  ohmic  drop  between  a2  an&b2  larger  than  that  between 
a\  and  6i;  but,  with  an  equalizing  cable  of  a  negligible  resistance  between 
a\  and  a2}  this  is  impossible,  and  thus  part  of  the  current  of  machine 
No.  2,  instead  of  flowing  from  a2  to  the  positive  bus-bar  directly  through 
b2,  flows  to  the  same  bus-bar  through  the  equalizer  c  and  the  series 
winding  of  machine  No.  1.  Therefore,  the  field  of  machine  No.  2  is 
strengthened  less  than  it  would  be  without  »the  equalizer;  %t  the  same 
time  the  field  of  the  weaker  machine,  No.  1,  is  strengthened  by  the  excess 
of  the  current  of  the  other  machine;  machine  No.  1  is  thus  helped  to 
keep  up  its  voltage.  In  short,  the  equalizing  connection  prevents  the  cur- 
rents in  the  series  fields  of  two  or  more  machines  from  differing  wiiely  from 
each  other,  however  different  their  armature  currents  may  be.    Therefore, 
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when  connected  by  an  equalizing  bus-bar,  different  machines  cannot 
have  widely  different  voltages;  cannot  easily  have  the  load  dispropor- 
tionately distributed,  and  the  more  remote  becomes  the  possibility  of 
one  machine  pumping  power  back  into  the  other  machine. 

Two  or  more  identical  compound-wound  machines,  provided  with 
an  equalizer  cable,  as  in  Fig.  276,  distribute  the  current  among  them- 
selves equally  well  at  all  loads.  A  difficulty  arises,  however,  when  the  * 
machines  have  different  characteristics,  as  was  explained  in  the  case  of 
shunt-wound  generators.  The  two  conditions  under  which  two  com- 
pound-wound machines  of  different  type  can  be  satisfactorily  operated 
in  parallel  are  as  follows: 

(1)  Both  machines  must  have  the  same  degree  of  compounding,  or 
over-compounding,  when  running  separately.  If  such  is  not  the  case, 
the  machine  which  has  a  higher  degree  of  compounding  will  take  a  larger 

.  share  of  the  total  output,  as  the  load  increases,  because  its  induced  e.m.f. 
will  be  higher  than  that  of  the  other  machine.  The  equalizing  connec- 
tion cannot  remedy  this  fault. 

(2)  When  each  machine  is  delivering  its  proper  share  of  load,  the 
drop  between  a\  and  &i  must  be  equal  to  that  between  a2  and  b2;  other- 
wise an  equalizing  current  will  flow  through  the  equalizer;  this  would  be 
wrong  when  the  machines  are  delivering  each  the  right  current.  As 
a  general  rule,  the  resistances  «i  b\  and  a2  b2  do  not  -satisfy  this  require- 
ment, and  it  becomes  necessary  to  introduce  some  artificial  resistance 
into  one  of  the  circuits.  Then  the  machines  divide  the  current  properly 
under  all  conditions  of  load. 

316.  Directions  for  Connecting  in  Parallel.  —  Let  machine  No.  1 
be  supplying  the  load  alone  (Fig.  276),  and  suppose  it  to  be  required  to 
put  generator  No.  2  in  parallel  with  it.  The  main  switches  S2  and  T2 
are  open,  as  well  as  the  equalizer  switch  E2.  First,  machine  No.  2  is 
excited  so  as  to  give  its  full  voltage;  then  the  switches  E2  and  T2  are 
closed  in  order  to  cause  part  of  the  current  of  machine  No.  1  to  flow 
through  the  series  field  of  machine  No.  2.  Then,  after  the  voltage  of 
machine  No.  2  is  properly  adjusted  to  that  of  the  bus-bars,  the  last 
switch  S2  is  closed  and  the  excitation  brought  up  so  as  to  distribute 
the  load  properly  between  the  machines.  In  disconnecting  one  of  the 
machines  the  switches  must  be  opened  in  reverse  order. 

With  large  machines  it  is  desirable  to  have  three  separate  switches,  as 
described  above.  With  medium  size  machines  two  switches  connecting 
the  machine  to  the  bus-bars  can  be  united  into  one  double-pole  switch, 
though  in  this  case  the  machines  cannot  be  thrown  in  parallel  as 
smoothly,  because  the  main  circuit  becomes  closed  before  the  field  is 
properly  adjusted.     In  inexpensive  isolated  plants  three-pole  switches 
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are  sometimes  used,  combining  all  the  three  switches  in  one;  with  small 
machines  a  momentary  rush  of  current  is  not  considered  harmful. 

317.  EXPERIMENT  15-G.  —  Operating  Compound-Wound 
Generators  in  Parallel.  —  The  student  is  given  two  D.  C.  generators 
of  somewhat  different  characteristics;  the  machines  may  have  been 
previously  provided  with  a  series  winding,  or  the  student  himself  may 
be  expected  to  put  it  on.  As  is  explained  in  §§  314  to  316,  three 
conditions  are  necessary  in  order  that  the  machines  may  operate 
satisfactorily: 

(1)  An  equalizing  connection  must  be  provided. 

(2)  Both  machines  must  have  the  same  degree  of  compounding  or 
over-compounding  when  running  alone. 

(3)  Voltage  drop  in  a\  b\  must  be  equal  to  that  in  a2  b2  (Fig.  276). 

First  try  to  run  the  machines  without  any  of  these  conditions  being 
fulfilled,  and  see  what  occurs  as  the  load  is  varied.  Then  introduce  the 
necessary  modifications,  one  by  one,  and  observe  the  improvement  in 
operation.  Try  to  obtain  a  satisfactory  operation  at  all  loads,  and  take 
a  curve  showing  the  division  of  the  load  between  the  two  machines. 

The  performance  is  considerably  influenced  by  the  resistance  of  the 
equalizer  wire.  The  lower  this  resistance  the  better  is  the  equalization 
of  exciting  currents  and  therefore  the*more  satisfactory  the  operation 
of  the  machines.  Take  several  readings  at  a  constant  load  but  with 
different  resistances  in  the  equalizing  circuit,  so  as  to  observe  the 
influence  of  this  factor. 

THREE-WIRE    SYSTEM* 

318.  There  are  cases  in  which  it  is  advantageous  to  distribute 
direct-current  energy  by  three  wires,  instead  of  two  (Figs.  278  to  280). 
The  two  outside  wires  are  the  main  wires;  the  middle  conductor  merely 
takes  up  the  unbalanced  part  of  the  load.  The  three-wire  system  is 
used  in  two  cases; 

(1)  On  lighting  circuits,  where  the  economy  in  copper  thus  obtained 
warrants  the  complication. 

(2)  In  shops  where  variable-speed  motors  are'  used. 

In  three-wire  lighting  circuits  the  lamps  are  connected  between  each 
of  the  outside  wires  and  the  middle  wire  (Fig.  281).  The  voltage 
across  the  outside  mains  is  about  220  volts,  and  the  copper  economy 
corresponds  to  this  pressure;  at  the  same  time  standard  110-volt 
lamps  are  used.  Equation  (1)  in  §256  shows,  that  the  weight  of 
copper  with  the  same  power  W  is  inversely  proportional  to  the  square 
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of  the  transmission  voltage.  The  cross-section  of  the  middle  conductor 
is  usually  not  more  than  50  per  cent  of  that  of  the  outside  wires,  so  that 
even  the  addition  of  a  third  wire  still  leaves  a  considerable  margin  of 
economy,  as  compared  to  an  ordinary  110- volt  two-wire  distribution. 
The  use  of  the  three-wire  system  for  variable-speed  drive  is  illus- 


Fig.  278.    Dividing  line  voltage  in  two  by  means  of  balancing  coils. 

trated  in  Fig.  295.  The  motor  armature  may  be  connected  either  across 
1  lO  volts,  or  across  220  volts,  giving  half  speed  in  the  first  case  and  full 
speed  in  the  second  case.  The  same  results  could  be  obtained  on  the 
220- volt  circuit  by  inserting  some  resistance  into  the  armature  circuit; 
but  this  would  be  too  wasteful  of  energy,  and,  moreover,  the  speed  would 
fluctuate  with  the  load.  * 

The  details  of  the  three-wire  system  and  the  numerical  relations  are 
explained  in  the  following  articles. 

319.   Methods  for  Dividing  Voltage; — The  two  outside  wires  in  the 
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(or  balancer)  set. 

three-wire  system  are  connected  to  the  terminals  of  the  main  generator; 
special  devices  are  used  for  dividing  the  voltage  in  two,  so  as  to  obtain 
a  point  for  connecting  the  middle  conductor.  The  methods  in  common 
use  are: 

(1)  Balance  coils  (Fig.  278). 

(2)  Motor-generator,  or  balancer  set  (Figs.  279  and  281). 
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A  storage  battery  may  also  be  used  for  dividing  the  voltage,  as  shown 
in  Fig.  280,  but  a  comparatively  high  cost  and  depreciation  prevent 
their  universal  application  for  this  service. 

The  balance  coils  (Fig.  278)  are  ordinary  reactance  coils,  or  auto- 
transformers,  provided  with  taps  B\t  B2  in  the  center.  The  generator 
G  has  four  slip-rings  SS,  connected  to  four  equidistant  points  of  the 
armature  winding,  as  in  a  two-phase  rotary  converter  (§  505),  The 
balance  coils  are  connected  as  in  the  quarter-phase  system,  Fig.  334, 
and  the  middle  wire  c  is  connected  to  the  neutral  point  of  this  polyphase 
system.  This  neutral  point  being  symmetrically  situated  in  regard  to 
the  outside  wires  a  and  b  on  the  direct-current  side,  its  potential  is  mid- 
way between  the  potentials  of  these  wires,  and  thus  divides  the  voltage 
in  two  equal  parts.  The  energy  consumption  in  the  balance  coils  is 
small,  their  inductance  being  large  as  compared  to  their  resistance. 

Instead  of  two  coils  and  four  slip-rings,  three  coils  and  three  slip-rings 
are  sometimes  used,  in  regular  three-phase  F-connection    (Figs.  337 


Fig.    280.     Dividing  line  voltage  in  two  by  means  of  a  storage  battery. 

and  386).  The  middle  conductor  is  connected  to  the  neutral  point  of  Y. 
This  system  is  particularly  well  adapted  for  use  with  rotary  converters 
which  are  regularly  provided  with  slip-rings.  No  balance  coils  are 
needed  in  this  case,  the  neutral  point  being  obtained  on  the  main  trans- 
formers. 

The  balancer  set  (Figs.  279  and  281)  consists  of  two  identical  shunt- 
wound  machines,  Bi  and  B2t  of  comparatively  small  capacity.  The 
armatures  are  connected  in  series  electrically,  and  the  machines  run 
idle  between  the  two  outside  wires;  they  must  be  mounted  on  the  same 
shaft,  or  belted  together.  The  middle  wire  is  connected  at  c  between 
the  two  armatures. 

The  machines  being  identical,  excited  to  the  same  point,  and  run  at 
the  same  speed,  the  voltage  is  naturally  divided  at  c  into  two  equal 
parts.  When  the  load  becomes  unbalanced,  one  of  the  machines  runs 
as  generator,  the  other  as  motor;  the  voltages  still  remain  approximately 
the  same,  the  induced  e.m.f  ,'s  being  the  same;  the  details  of  distribution 
of  currents  are  explained  in  the  next  article. 
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An  advantage  of  balance  coils  over  a  motor-generator  set  is  that  the 
former  are  less  expensive,  and,  being  stationary,  require  but  slight 
attention.  On  the  other  hand,  a  three-wire  generator  with  slip-rings 
is  more  expensive  than  an  ordinary  two-wire  machine.  Here,  as  in . 
most  practical  problems,  the  preference  is  given  in  each  particular  case 
to  one  or  the  other  system,  according  to  local  conditions,  and  the 
personal  views  of  the  engineer  who  decides  the  question. 

320.  Effect  of  Unbalancing.  —  The  distribution  of  currents  in  a 
three-wire  system  with  unbalanced  load  is  shown  in  Fig.  281,  the  voltage 
being  divided  by  a  motor-generator  set.  It  is  assumed  that  1000  ordinary 
110-volt,  16  candle-power  incandescent  lamps  are  connected  on  one  side 
of  the  line,  and  800  on  the  other  side,  each  lamp  consuming  one  half 
ampere.  This  gives  500  amperes  and  400  amperes  in  the  two  outside 
conductors;  the  difference,  100  amperes,  returns  through  the  middle  wire 
to  the  balancer  set.     The  balancer  set,  not  being  connected  to  a  prime 
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Fig.  281.    Distribution  of  currents  in  a  three-wire  system  at  an  unbalanced  load. 


mover,  cannot  create  energy;  it  merely  equalizes,  or  transfers  it  from  the 
less  loaded  side  to  the  more  heavily  loaded  side.  Therefore,  if  the 
machines  were  ideal,  100  amperes  would  divide  into  50  and  50,  flowing  in 
the  opposite  directions,  the  lower  machine  running  as  motor,  the  upper  as 
generator.  The  main  generator  would  supply  the  average  load  of  450 
amperes  at  220  volts.  With  this  distribution  of  currents,  the  condition 
is  fulfilled  at  the  points  a  and  6,  that  the  sum  of  the  currents  flowing 
towards  a  point  must  be  equal  to  the  sum  of  those  flowing  from  the 
point- 
In  reality,  the  current  distribution  is  somewhat  different,  because  of 
the  losses  in  the  balancer  set.  A  certain  current  x  flows  through  the 
set,  even  when  the  load  is  perfectly  balanced;  this  current  is  necessary 
for  overcoming  iron  loss  and  friction  in  the  two  machines.  Moreover, 
the  main  generator  has  to  supply  some  current  for  the  shunt  fields  of 
both  machines.  Superposing  the  current  x  upon  the  useful  currents 
mentioned  above,  we  get  a  distribution  of  currents  shown  in  Fig.  281; 
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the  current  in  the  balancer  machine,  working  as  generator,  is  reduced, 
that  in  the  motor  increased  by  the  amount  x.  The  condition  2  i  =  0 
at  the  points  a  and  b  is  again  fulfilled. 

With  an  unbalancing  of  currents,  the  voltages  between  the  middle 
wire  and  the  two  outside  conductors  become  somewhat  different;  but, 
with  a  properly  designed  balancer  set,  the  difference  should  not  be  more 
than  a  very  few  per  cent;  moreover,  it  may  be  corrected  to  some  extent 
by  regulating  the  field  rheostats  of  the  balancer  machines.  An  investi- 
gation of  current  relations  in  balance  coils  (Fig.  278)  leads  to  similar 
results. 

321.  Efficiency  of  Balancer  Sets.  —  Referring  to  Fig.  281,  the 
efficiency  of  the  balancer  set  is  equal  to  the  ratio  of  the  output  of  the 
machine  working  as  generator,  to  the  input  into  the  machine  working 
as  motor;  the  excitation  losses  of  both  machines  should  be  added  to  the 
input.  This  is  according  to  the  standard  definition  of  efficiency  of  any 
motor-generator  set.  It  will  be  easily  seen,  however,  that  in  the  case 
of  a  balancer  set,  the  efficiency,  according  to  this  definition,  becomes 
negative,  when  the  load  is  nearly  balanced,  because  then  both  machines 
operate  as  motors.  As  unbalancing  increases,  the  efficiency  gradually 
rises  to  zero  and  then  becomes  positive.  There  is  no  physical  contra- 
diction in  this  result,  provided  that  the  actual  conditions  of  the  operation 
of  the  set  are  clearly  kept  in  mind. 

There  is  another  way  of  looking  at  the  efficiency  of  a  balancer  9et, 
namely,  from  the  standpoint  of  the  three-wire  system,  taken  as  a  whole. 
The  losses  in  the  balancer  set  increase  the  output  of  the  main  generator 
above  the  useful  demand  for  power;  the  ratio  of  this  demand  to  the 
output  of  the  main  generator  may  be  called  the  efficiency  of  the  three- 
wire  system,  with  reference  to  the  balancer  set. 

To  illustrate  the  two  above  definitions  of  efficiency,  assume  that  the 
no-load  current  of  the  balancer  set,  x,  is  10  amperes  (Fig.  281),  and  that 
the  field  circuit  of  each  machine  consumes  2  amperes,  both  fields  being 
connected  in  parallel,  across  the  outside  conductors. 

The  efficiency  of  the  motor-generator  set  itself,  according  to  the 
first  definition,  is 


(50  -  10)  110 


(50  +  10)  110  +  (2  +  2)220 


70.6%. 


The  efficiency  of  the  three-wire  system  itself,  according  to  the  second 
definition,  is 

500  X  110  +  400  X  110 


(450  +  10  +  2  +  2)  220 


97%. 
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Both  expressions  have  definite  physical  meaning,  and  both  are  used 
according  to  the  conditions  of  a  problem.  If  a  greater  accuracy  is 
required,  copper  loss  in  the  armatures  of  the  balancer  set,  and  the  result- 
ing unbalancing  of  voltages,  must  be  taken  into  account  in  the  above 
expressions  for  efficiency. 

322.  EXPERIMENT  15-H.—  Study  of  a  Symmetrical  Three- 
Wire  System*  — Wire  up  the  generator  and  the  balancer  set,  as  in  Fig. 
279,  and  provide  variable  resistances,  to  be  used  as  a  load.  Load  up 
one  side  of  the  line  until  the  balancer  runs  as  pearly  as  possible  at  its 
full  rated  capacity.  Note  the  input  and  the  output  of  the  motor  and 
generator  constituting  the  balancer  set,  voltages  on  the  loaded  and 
unloaded  sides  of  the  line,  speed  of  the  set,  currents  in  the  three  line 
wires,  and  the  field  current  of  the  balancer  machines.  Then  begin  load- 
ing the  other  side  of  the  line,  keeping  the  load  on  the  first  side  constant. 
As  the  unbalancing  decreases,  the  balancer  load  also  decreases,  though 
the  total  load  on  the  line  increases.  Take  readings  as  indicated  above 
with  different  degrees  of  unbalancing,  until  the  load  on  both  sides  is 
the  same,  and  the  balancer  runs  idle.  Increasing  the  load  further 
merely  reverses  the  conditions  in  the  balancer;  the  machine  which  was 
running  as  motor  begins  to  run  as  generator,  and  vice  versa. 

If  a  generator  with  slip-rings  is  available,  or  a  rotary  converter,  a 
three-wire  system  with  balance  coils  (Fig.  278)  may  be  realized.  It 
is  not  absolutely  necessary  to  have  three  or  four  slip- rings;  if  only  two 
slip-rings  are  available,  the  neutral  point  may  be  obtained  with  one 
balance  coil.  In  fact,  it  is  desired  that  the  student  investigate  the 
effect  of.  using  only  one  balance  coil  instead  of  two.  With  a  three- 
phase  rotary  converter,  three  balance  coils  are  connected  in  Y,  and  the 
middle  wire  connected  to  the  neutral  point.  The  same  load  experiment 
should  be  performed  with  balance  coils  as  with  the  motor-generator  set. 
Note,  that  balance  coils  consume  a  magnetizing  current,  which  is  an 
alternating  current,  and  cannot  be  detected  by  ordinary  moving-coil 
ammeters  (§  37). 

Report.  Draw  a  diagram  of  actual  connections.  Plot  to  amperes 
in  the  middle  wire:  currents  in  the  two  outside  wires,  voltages,  gen- 
erator output  and  currents  in  the  balancer  armatures  and  fields;  also 
the  speed  of  the  set.  Figure  out  the  efficiency  of  the  balancer  set  and 
of  the  three-wire  system,  as  in  §  321.  Give  similar  results  for  the  run 
in  which  balance  coils  were  used. 

323.  Unsymmetrical  Three-Wire  System.  —  When  a  three-wire 
system  is  used  for  variable-speed  drive,  it  is  not  necessary  to  have  the 
voltage  divided  in  two  equal  parts;  in  fact,  by  making  the  system  wn- 
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symmetrical  a  wider  range  of  speeds  can  be  obtained.  Such  an  unsyra- 
metrical,  or,  as  they  are  improperly  called,  "unbalanced"  system,  is 
shown  in  Fig.  282.  The  two  machines,  constituting  the  balancer  set, 
are  wound  for  different  voltages,  so  that  the  total  pressure  of  250  volts 
is  subdivided  into  90  volts  and  160  volts.  With  this  system  the  arma- 
ture of  a  motor  can  be  connected  on  either  90,  160  or  250  volts,  which 
gives  a  ratio  of  about  3  : 1  between  the  lowest  and  highest  speed.  If, 
in  addition,  field  control  is  used,  by  which  the  speed  of  the  motor  is 
increased  twice,  a  total  speed  range  of  6  : 1  may  be  had,  instead  of  4  : 1, 
as  with  the  ordinary  symmetrical  three-wire  system.    The  disadvantages 
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Fig  282.    The  Allle-Chalmers  unsymmetrioal  three-wire  system  for 
variable-speed  drive. 

of  this  system  as  compared  to  the  ordinary  three-wire  system  are:  mors 
expensive  wiring  because  motors  take  a  heavy  current  at  low  voltage; 
the  system  is  unsymmetrical  and  therefore  more  difficult  to  supervise 
and  the  balancer  set  is  more  expensive.  The  application  of  this  system 
has  thus  far  been  a  limited  one,  though  it  may  be  profitably  used  in 
large  repair  shops  where  a  wide  range  of  speed  of  machine  tools  is  of 
prime  importance. 

324.  EXPERIMENT     15-1.  —Study    of    an    Unsymmetrical 
Three- Wire  System.  —  Same  directions  as  in  I  322, 

325.  Four- Wire  System.  —  Some  companies  have  gone  so  far  as  to 
use  a  four-vrire  unsymmetrical  system,  in  order  to  get  a  still  wider  varia- 
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tion  of  speed  of  the  motors.  One  of  these  systems,  which  has  been 
practically  applied  in  a  few  cases,  is  shown  in  Fig.  283.  The  balancer 
set  consists  of  three  direct-connected  machines,  A,  B  and  C.  Two 
of  these  machines  may  be  combined  into  one  two-commutator  machine; 
this  makes  the  set  less  expensive  and  less  cumbersome.  It  will  be  seen, 
that  with  such  a  system,  six  different  combinations  of  voltages,  and 
therefore  six  different  speeds,  are  possible,  without  field  control.    The 
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Fig.  283.    The  Crocker- Wheeler  four-wire  system  for  variable-speed  drive. 

ratio  of  the  highest  to  the  lowest  speed  is  as  240  :  40  —  6  : 1.  By  using 
field  control,  the  range  of  speeds  may  be  about  doubled.  The  compli- 
cation and  the  expense  of  a  four-wire  unsymmetrical  line  are  such  as  to 
justify  the  use  of  this  system  in  exceptional  cases  only.  However,  the 
more  expensive  labor  and  machinery  become,  the  greater  field  will  be 
opened  for  such  multivoltage  systems,  as  they  permit  a  considerable 
increase  in  the  output  of  the  tools. 

326.    EXPERIMENT  15-J.—  Study  of  a  FouMVire  System.— 

Same  directions  as  in  §  322. 

Note.   For  troubles  in  operation  of  direct-current  machines  and  their 
detection,  see  §§  345  to  349. 


CHAPTER  XVI. 

DIRECT-CURRENT  MOTORS  —  OPERATING   FEATURES, 

327.  Direct-Current  machines,  such  as  are  shown  in  Fig.  264  and 
described  in  §  299,  are  convertible,  that  is  to  say,  they  may  be  operated 
either  as  generators  or  as  motors.  When  such  a  machine  is  driven  by 
a  source  of  mechanical  power"  (prime  mover)  it  is  operating  as  a  genera- 
tor, and  delivers  electrical  energy.    Conversely,  when  electrical  energy 
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Starting  Rheostat 
Fig.  284.    Diagram  of  connections  of  a  shunt-wound  motor. 

is  supplied  to  the  machine,  it  runs  as  a  motor,  and  is  capable  of  devel- 
oping mechanical  energy  at  its  shaft. 

This  convertibility  is  a  direct  result  of  two  fundamental  laws  of  elec- 
tromagnetism;  viz.:  (1)  when  an  electrical  conductor,  forming  part  of 
a  closed  circuit,  is  moved  across  a  magnetic  field,  currents  are  induced 
in  the  conductor  such  as  to  oppose  the  motion;  (2)  when  a  current  is 
sent  through  a  conductor  located  in  a  magnetic  field,  it  tends  to  move 
out  of  the  field.  In  the  first  case  the  conductor  acts  as  an  element  of 
a  generator,  in  the  second  as  an  element  of  a  motor. 

328.  Types  of  Motors.  —  Two  types  of  direct-current  motors  are 
most  commonly  used  in  practice:  shunt-wound  motor  (Fig.  284)  and 
series-wound  motor  (Fig.  285).  In  the  shunt-woilnd  motor  the  field 
winding  is  connected  directly  across  the  constant  voltage  supply  circuit, 
so  that  the  magnetism  of  the  motor  is  practically  constant  at  all  loads. 
In  the  series-wound  motor,  the  field  winding  is  in  series  with  the  arma- 
ture circuit;  as  the  load  increases,  the  current  taken  by  the  motor  also 
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increases,  this  increased  current  strengthening  the  magnetic  field  of 
the  motor. 

There  is  a  marked  difference  in  the  performance  of  these  two  types 
of  motors,  and  each  type  has  a  field  of  application  of  its  own.  The 
shunt  motor  is  essentially  a  constant-speed  motor,  while  the  speed  of 
the  series-wound  motor  increases  as  the  load  decreases.  A  theoretical 
exposition  of  this  is  given  in  the  next  article,  which  explains  the  facts 
observed  experimentally.  Shunt- wound  motors  are  used  for  machine- 
tool  drive,  and  for  driving  various  machines  in  textile  and  other  indus- 
tries, where  a  constant,  or  nearly  constant,  speed  is  required,  independent 
of  the  load.  Series-wound  motors  are  used  in  railway,  crane  and  hoist- 
ing work,  where  a  heavy  starting  torque  is  necessary,  and  where  the 
motors  have  to  be  frequently  started  and  stopped.     In  these  cases  it  is 
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Fiq.  2S5.    Diagram  of  connections  of  a  series-wound  motor. 

desirable  to  have  a  motor  which  automatically  slows  down  as  the  load 
increases,  in  order  not  to  have  too  large  fluctuations  in  power  demand. 
In  some  special  cases  motors  are  desired,  with  characteristics  inter- 
mediate between  those  of  the  two  above-mentioned  types.  Such 
motors  are  provided  with  both  series  and  shunt  field  windings,  and  are 
called  compound-wound  motors.  They  are  used  with  elevators,  also 
for  driving  planers,  punches,  etc. 

In  operating  electric  motors,  starting  and  regulating  rheostats  are 
required ;  these  devices  are  described  in  Chapter  XXX  ("  Controllers  and 
Regulators")-  It  is  advisable  that  the  student  perform  one  or  two  of 
the  first  experiments  of  that  chapter  before  beginning  the  brake  tests 
described  in  this  chapter. 

329.  Field  Strength  and  Speed.  —  The  difference  in  the  behavior  of 
shunt,  and  series-wound  motors  under  various  loads  can  be  explained 
as  follows:  When  the  armature  of  a  motor  is  revolving,  a  counter-elec- 
tromotive force  is  induced  in  it  by  the  magnetic  field  of  the  machine 
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This  e.m.f .,  e,  is  smaller  than  the  applied  voltage  E  by  the  amount  of 
the  ohmic  drop  IR  in  the  armature  and  brushes,  or 

e  =  E  —  IR. 

In  commercial  motors  the  term  IR  amounts  to  but  a  very  few  per  cent 
.  of  E,  in  order  to  keep  the  efficiency  of  the  motor  sufficiently  high. 
Therefore  e  is  approximately  equal  to  E,  or  the  counter-electromotive 
force  induced  in  the  armature  is  approximately  equal  to  the  applied 
voltage.  On  the  other  hand,  this  counter-e.m.f.,  according  to  the 
fundamental  law  of  induction,  is  proportional  to  the  magnetic  flux  of 
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Fig.  286.     Performance  curves  of  a  shunt-wound  motor. 


the  machine,  and  to^the  speed  at  which  the  armature  conductors  cut 
the  flux.     Thus 

e-  C.  Nn (1) 

where  C  is  a  constant,  N  is  the  useful  flux  of  the  machine,  and  n  is  its 
speed.  The  e.m.f.  e  being  approximately  constant,  so  long  as  the  volt- 
age at  the  armature  terminals  is  constant,  the  product,  flux  times  speed, 
in  this  formula  is  also  constant. 

In  a  shunt-wound  motor  (Fig.  284)  the  fields  are  separately  excited, 
so  that  the  flux  is  constant,  and  does  not  depend  on  the  load.  There- 
fore, the  speed  of  such  motors  is  also  approximately  constant.  In 
series-wound  motors  (Fig.  285)  the  field  strength  depends  entirely  upon 
the  load,  since  the  exciting  winding  is  connected  in  series  with  the  main 
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circuit.  As  the  load  decreases  and  the  motor  begins  to  consume  less 
power,  a  smaller  current  flow$  through  the  field  winding,  and  the  field 
is  weakened.  But,  according  to  the  equation  (1),  the  weaker  the  field, 
the  higher  the  speed  of  the  motor.  For  this  reason  a  series  motor  runs 
faster  the  lighter  the  load.  A  series  motor  should  never  be  connected 
to  the  supply  without  any  load;  it  will  run  away,  unless  a  sufficient 
resistance  is  connected  in  its  circuit. 

The  difference  in  characteristics  of  the  shunt  and  the  series  motor 
is  made  clearer  by  a  study  of  their  performance  curves,  shown  in  Figs. 
286  and  287,  —  particularly  by  a  comparison  of  the  speed  curves. 


Fig.  287.    Performance  curves  of  a  series-wound  motor. 

330.  Speed  Control. —  It  has  been  shown  above'that  the  speed  of  a 
shunt-wound  motor  remains  approximately  constant,  as  long  as  the 
field  excitation  is  constant.  If,  however,  it  is  desired  to  increase  the 
speed,  this  can  be  done  by  weakening  the  field  of  the  motor  by  means 
of  the  field  rheostat.  When  the  field  current  is  reduced,  the  counter- 
e.m.f.  is  also  reduced  the  first  moment;  this  causes  a  rush  of  current  into 
the  armature,  and  an  excess  of  power  above  that  necessary  for  carrying 
the  load.  This  excess  of  power  accelerates  the  motor,  until  the  counter- 
e.m.f .  has  increased  sufficiently  to  allow  but  the  normal  current  to  flow 
through  the  armature. 

This  method  of  speed  control  is  actually  used,  —  for  instance,  in 
machine-tool  drive.     A  limit  to  weakening  the  field  is  imposed  by 
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sparking  at  the  brushes,  for,  with  a  weak  field,  the  armature  action 
becomes  more  prominent  and  distorts  the  field;  the  currents  in  the 
coils  short-circuited  under  the  brushes  become  excessive,  and  cause  a 
destructive  sparking  at  the  commutator. 

The  value  of  the  armature  reaction  depends  on  the  position  of  the 
brushes;  therefore  the  speed  of  the  motor  may  be  varied  within  certain 
limits  by  merely  shifting  the  brushes.  No  considerable  speed  variation 
can  be  obtained  by  this  means,  since  the  motor  begins  to  spark  as  soon 
as  the  brushes  are  shifted  too  far  either  way  from  the  right  position, 
but  this  method  is  convenient  for  adjusting  a  speed  to  an  exact  value, 
after  an  approximately  right  speed  has  been  obtained  by  the  regulating 
rheostat. 

Speed  of  a  shunt  motor  is  lowered  by  reducing  the  voltage  at  the 
armature  terminals;  this  follows  directly  from  equation  (1).  Inserting 
resistance  in  the  armature  circuit  is  seldom  done  except  with  very  small 
motors,  the  method  involving  considerable  waste  of  energy.  The 
voltage  may  be  varied  economically  by  having  the  motor  connected 
to  a  three-wire  (three-voltage)  supply  (see  §§  318  and  323). 
•  Speed  of  a  series  motor  may  be  increased  also  by  weakening  the  field; 
this  is  done  by  providing  a  shunt  around  the  field  winding.  This 
method  has  been  used  to  some  extent  on  street-car  motors,  where  the 
car  had  to  run  on  long  level  stretches.  This  expedient  has  been  aban- 
doned, because  weakening  the  fields  increases  the  effect  of  armature 
reaction  and  causes  the  motors  to  spark.  Compensated  railway  motors 
are  now  coming  into  use,  in  which  the  armature  reaction  is  overcome, 
and  the  method  of  shunting  fields  is  coming  into  use  again,  especially 
on  interurban  roads,  where  considerable  time  can  be  saved  by  running 
long  stretches  at  a  high  speed. 

To  reduce  the  speed  of  a  series  motor,  resistances,  are  inserted  into 
the  armature  circuit.  This  method  is  used  in  practice  with  railway 
and  crane  motors,  where  economy  is  not  so  important  because  of  an 
intermittent  service,  but  where  speed  control  is  very  essential.  It  is 
also  possible  to  reduce  the  speed  by  shunting  the  armature  by  a  resist- 
ance, so  as  to  have  a  comparatively  strong  field  with  small  armature 
currents.  This  method  is  hardly  ever  used  in  practice,  except  for  tests 
(see  §  370). 

33 1 .  Prony  Brake.  —  The  performance  curves,  shown  in  Figs.  2^6 
and  287,  are  obtained  by  loading  the  motot  and  measuring  input,  out- 
put and  speed.  The  simplest  device  for.  loading  motors  is  a  Prony 
brake  (Fig.  288);  it  is  extensively  used  with  small  and  medium  sized 
motors.  In  the  form  shown  in  the  sketch,  it  consists  of  an  iron  band 
ab  lined  with  soft  wood,  or  with  heavy  capvas.     The  band  embraces 
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the  pulley  P  of  the  motor,  and  is  fastened  to  the  beam  k,  the  end  of 
which  rests  on  the  scale  S. 

When  the  motor  revolves,  friction  is  developed  between  the  lining 
of  the  brake  and  the  pulley;  the  power  of  the  motor  is  thus  converted 
into  heat.  The  brake  pressure  is  regulated  by  the  hand-wheel  h,  and 
in  this  way  any  desired  load  is  obtained.  The  turning  moment,  or  the 
torque,  as  it  is  called,  is  measured  on  the  scale. 

In  most  cases  it  is  necessary  to  carry  away  the  heat  developed  by 
friction,  in  order  to  prevent  burning  of  the  brake  lining.  The  pulley, 
shown  in  the  sketch,  is  cooled  by  a  stream  of  water  from  the  pipe  w 
(see  cross-section  to  the  left);  water  is  thrown  by  centrifugal  force 
against  the  inner  surface  of  the  face  of  the  pulley;  the  flange  prevents 
it  from  being  spilled. 

If  P  is  the  net  pressure  on  the  scale  at  the  end  of  a  lever  I  feet  long, 
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Fig.  288.     A  Prony  brake  with  water-cooled  pulley. 


the  pressure  at  the  end  of  a  lever  1  foot  long  is  PI  lbs.;  consequently 
the  work  in  ft.-lbs.,  performed  during  one  minute,  is  PL  2^n,  where  n 
is  the  number  of  revolutions  of  the  motor  per  minute.  The  same  in 
horse-power  is 

PL  2nn 

33000     ' 
or 

horse-power-^. 

This  is  the  common  expression  for  figuring  the  output  of  a  motor  from 
a  Prony  brake  test. 

For  loading  very  large  motors  the  so-called  water-brake  is  used; 
power  is  absorbed  in  it  by  driving  water  through  paths  of  high  resist- 
ance. The  resultant  friction  heats  up  and  even  evaporates  the  water, 
while  cold  water  is  continually  being  supplied  from  the  mains. 

Eddy-current  brakes  are  used  to  some  extent  with  small  motors. 
Such  a  brake  usually  consists  of  a  copper  disk  mounted  on  the  motor 
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shaft,  and  of  a  set  of  electromagnets  placed  near  the  disk  and  sup- 
ported from  knife-edges,  or  ball  bearings.  When  the  motor  revolves, 
eddy  currents  are  induced  in  the  disk  as  it  cuts  through  the  field  pro- 
duced by  the  electromagnets.  The  electromagnets  tend  to  follow 
the  disk,  as  in  the  classical  Arago  experiment,  but  are  prevented  by  a 
lever  which  rests  on  a  scale,  as  in  Fig.  288;  the  pressure  on  the  scale 
measures  the  torque.  Load  is  varied  by  regulating  the  exciting  current; 
artificial  cooling  of  the  disk  is  sometimes  necessary.  Eddy-current 
brakes  give  a  steadier  load  than  is  possible  with  mechanical  brakes. 

332.  Transmission  Dynamometer.  —  An  objection  to  the  Prony 
brake  is  that  load  is  not  quite  steady  while  speed  is  being  measured, 


Fig.  289.     A  transmission  dynamometer  (Central  Laboratory  Supply  Co.) 

this  limits  the  accuracy  of  the  test.  Another  disadvantage  is  that  a 
considerable  amount  of  energy  must  be  dissipated  in  a  limited  space. 
It  is  much  more  convenient  to  load  the  motor  on  an  electric  generator; 
a  pump,  a  blower,  etc.,  provided  that  the  output  of  the  motor  can  l>e 
readily  measured.  One  method  is  to  use  a  generator,  the  efficiency 
of  which  is  known  from  a  previous  calibration.  Another  way  is  to 
connect  the  load  machine  to  the  motor  under  test,  through  a  trans- 
mission dynamometer,  —  such  as  is  shown  in  Figs.  289  and  290.  ^The 
dynamometer  does  not  absorb  the  power,  but  merely  measures  the 
torque  between  the  driving  and  the  driven  shafts. 

The  torque  is  measured  by  the  torsion  spring  previously  calibrated 
in  pounds.  The  difficulty  in  former  dynamometers  consisted  in  accu- 
rately measuring  the  angle  of  torsion  of  the  spring,  with  the  shafts 
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revolving.  This  difficulty  is  ingeniously  solved  in  the  dynamometer, 
shown  in  the  sketches,  by  measuring  this  angle  electrically.  An  elec- 
tric circuit  is  established  through  a  few  dry  cells,  a  telephone  receiver 
and  the  dynamometer  spring,  through  two  brushes  and  the  contacts,  — 
all  clearly  seen  in  Fig.  290. 

When  the  machines  are  stationary,  the  brushes  are  in  such  a  position, 
that  when  moved  around  together  they  come  under  the  contacts  simul- 
taneously, and  the  circuit  is  closed;  this  is  recognized  by  a  click  in  the 
telephone.  When  the  set  is  revolving,  carrying  a  load,  the  spring  is 
twisted,  and  the  contacts  are  no  longer  closed  simultaneously;  the  click 
in  the  telephone  disappears.  The  left-hand  brush  is  then  shifted  along 
the  contact  ring,  until  the  click  is  again  heard;  the  angle  is  read  on 
the  stationary  index,  and  is  evidently  equal  to  the  angle  by  which  the 
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Fig.    290.     Electrical  connections  of  the  dyuomometer  shown  in  Fig.  289. 

spring  was  twisted.  The  power  transmitted  is  calculated  from  the 
formula: 

horse-power  output  =  constant  X  angle  X  (r.p.m.). 

The  spring  is  previously  calibrated  by  weights,  and  the  torsion  con- 
stant calculated.  Several  springs  of  different  rigidity  are  used  with 
the  same  dynamometer,  to  increase  its  useful  range.  The  dynamo- 
meter may  be  adapted  to  be  used  with  machines  direct-connected;  or 
else,  is  provided  with  a  pulley,  and  the  load  machine  is  belted  to  it. 

333.   EXPERIMENT  16-A.  —  Brake  Test  of  a  Shunt  Motor.— 

The  purpose  of  the  experiment  is  to  obtain  performance  curves  such  as 
are  shown  in  Fig.  286.  The  motor  should  be  wired  up,  as  shown  in 
Fig.  284;  one  independent  circuit  includes  the  field  winding  with  its 
regulating  rheostat,  and  an  ammeter;  the  other  circuit  is  formed  through 
the  armature  of  the  motor,  with  its  starting  and  regulating  rheostat, 
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and  an  ammeter.  A  voltmeter  V  is  connected  across  the  armature,  for 
measuring  the  pressure  at  which  the  machine  operates.  Either  a 
Prony  brake  (§  331),  or  a  transmission  dynamometer  (§  332)  may  be 
used  for  loading  the  motor. 

Begin  the  test  with  the  highest  load,  say  25  per  cent  overload;  read 
armature  amperes,  field  amperes,  terminal  voltage,  speed,  and  brake 
load.  Then  gradually  reduce  the  load  to  zero,  taking  a  sufficient  num- 
ber of  readings  (from  8  to  10)  for  plotting  curves.  The  field  current 
and  the  terminal  voltage  must  be  kept  constant  throughout  the  whole 
test.  The  readings  may  be  conveniently  recorded  on  such  a  data  sheet 
as  is  here  shown. 


Arm.  Amps. 

Field  Amps. 

VolU. 

R.  P.  M. 

Torque  Lbn. 

Inst .  No. 

- 

Const 



' 

Take  a  few  points  with  field  current  10  and  20  per  cent  below  normal 
(see  §  330).  Also  make  runs  with  line  voltages,  say  10  per  cent 
above  and  a  like  amount  below  normal,  in  order  to  see  the  influence  of 
this  factor  on  the  performance  of  the  motor. 

Report.  Plot  performance  curves,  as  shown  in  Fig.  286.  On  the 
same  curve  sheet  plot  the  readings  taken  with  lower  field  currents;  also 
those  corresponding  to  the  various  voltages  of  the  supply.  Explain 
the  results. 

334.   EXPERIMENT  16-B.  — Brake  Test  of  a  Series  Motor.— 

The  purpose  of  the  experiment  is  to  obtain  performance  curves  for  the 
series  motor,  as  shown  in  Fig.  287.  The  experiment  is  conducted  in 
much  the  same  way  as  the  preceding  experiment,  except  that  precau- 
tions should  be  taken  to  prevent  the  motor  running  away.  With  a 
shunt  motor,  the  brake  can  be  safely  released,  since  the  speed  of  the 
motor  is  practically  the  same  at  no  load  as  when  loaded.  In  a  series 
motor  the  speed  increases  enormously,  as  soon  as  the  load  is  taken  off. 
and  either  the  armature,  the  commutator,  or  the  bearings  are  sure  to  be 
•damaged,  if  the  motor  be  allowed  to  run  at  this  speed.  For  this  reason , 
always  open  the  circuit  before  releasing  the  brake;  or  at  least  have  a  suffi- 
cient resistance  inserted  into  the  circuit,  to  keep  down  the  speed. 
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As  an  additional  precaution  against  the  motor  running  away,  an 
underload  circuit-breaker  should  be  connected  into  the  circuit;  when 
the  load  is  taken  off,  the  current  falls  below  a  certain  limit,  and  this 
device  automatically  opens  the  circuit.  The  student  should  not, 
however,  rely  absolutely  on  this  circuit-breaker.  It  may  "stick'' 
just  when  it  is  necessary  for  it  to  act.  It  is  best  to  have  one  man  of 
the  section  stand  near  the  main  switch,  and  open  the  circuit  if  the  motor 
reaches  a  dangerous  speed. 

The  motor  is  wired  up  in  series  with  starting  and  regulating  rheo- 
stats and  an  ammeter.  A  voltmeter  is  connected  across  the  motor  ter- 
minals, and  the  voltage  should  be  kept  as  nearly  constant  as  possible. 
Begin  the  test  as  usual  with  the  highest  load.  Take  readings  of  am- 
peres, volts,  speed  and  torque.  Then  reduce  the  load  by  approximately 
equal  steps,  until  the  safe  limit  of  the  motor  speed  is  reached. 

Take  a  few  readings  with  the  field  weakened  by  10  and  20  per  cent; 
also  with  the  armature  shunted  by  the  same  amounts  (see  §  330). 
Take  a  few  runs  with  the  supply  voltage  about  10  per  cent  above  and 
below  rated.     The  report  is  similar  to  that  or  the  preceding  experiment. 

COMPOUND-WOUND    MOTORS. 

335.  An  ordinary  shunt-wound  motor  is  entirely  satisfactory  in 
most  cases  where  an  approximately  constant  speed  is  required  with 
variable  load,  as,  for  instance,  in  machine-tool  drive.  There  are,  how- 
ever, cases  of  considerable  practical  importance,  where  the  characteris- 
tics of  the  shunt  motor  can  be  improved  by  providing  it  with  an 
additional  series  winding,  similar  to  that  of  compound-wound  genera- 
tors. Such  motors  are  called  compound-wound  motors;  the  series 
winding  can  be  arranged  either  so  as  to  strengthen  the  field  produced 
by  the  shunt  winding,  or  to  weaken  it.  The  first  is  called  cumulative 
compounding;  the  second,  differential  compounding. 

336.  Cumulative  Compounding.  —  Cumulative  compounding  of 
shunt  motors  is  used  when  the  motor  is  regularly  subjected  to  heavy 
but  short  overloads,  for  instance  in  driving  punch  and  shears,  planers, 
in  elevator  work,  etc.  Each  time  when  the  punch  touches  the  sheet  of 
metal,  or  the  planer  tool  begins  a  new  cutting  stroke,  there  is  a  rush  of 
current  into  the  motor  armature.  This  affects  the  generator,  affects 
the  lamps  and  other  motors  by  producing  a  fluctuating  voltage,  and  is 
detrimental  to  the  motor  itself,  on  account  of  excessive  heating  and 
sparking. 

This  rush  of  current  into  the  armature  could  be  reduced  if  the  field 
were  automatically  strengthened  each  time  when  an  overload  occurs. 
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The  reason  for  this  is  that  the  torque  of  a  motor,  or  the  attraction 
between  the  armature  and  the  field,  is  proportional  to  the  product, 
"  field  X  armature  current;"  if  the  field  becomes  stronger  when  an 
overload  occurs,  the  armature  current  does  not  need  to  be  so  large  for 
the  same  torque.  This  is  precisely  what  the  cumulative  compound 
winding  accomplishes:  when  an  increased  current  flows  through  the 
armature  it  has  to  flow  through  the  series  field  winding,  and  thus  auto- 
matically strengthens  the  field. 

Suppose,  for  instance,  that  at  times  the  motor  has  to  overcome  a 
torque  six  times  larger  than  that  at  which  it  is  running  most  of  the 
time.  With  a  constant  field,  as  in  the  shunt  motor,  the  armature 
current  must  increase  six  times.  With  a  compound  winding,  three 
times  the  normal  current  may  be  sufficient,  because  the  field  strength 
increases  as  the  current  increases;  this  stronger  field  times  the  triple 
current  may  give  six  times  the  normal  torque.  For  this  reasoa  motors 
used  on  widely  fluctuating  loads  are  often  provided  with  a  cumulative 
compound  winding.  Of  course,  suph  a  motor  slows  down  more  than  a 
shunt  motor  would  do,  when  the  load  increases,  but  this  is  not  objec- 
tionable in  most  cases. 

337.  EXPERIMENT  16-C.  — Effect  of  Cumulative  Compound- 
ing  of  Motors.  —  The  experiment  is  conducted  essentially  as  an 
ordinary  brake  test  on  a  shunt  motor  (see  §  333).  In  order  to  see 
more  clearly  the  influence  of  the  compound  winding,  it  is  advisable 
to  provide  different  degrees  of  compounding,  either  by  dividing  the 
series  winding  into  sections,  or  by  connecting  a  variable  shunt  around 
it.     The  test   itself  should  be  conducted  as  follows: 

(a)  Begin  with  the  heaviest  load  and  no  compounding,  that  is,  use 
the  shunt  winding  only;  adjust  the  brake  so  as  to  have  the  armature 
current,  say  25  per  cent,  greater  than  its  normal  rating.  Read  am- 
peres, volts,  speed,  field  current,  and  torque,  as  in  a  regular  brake  test. 

(b)  Introduce  part  of  the  series  winding  into  the  circuit,  and  take 
readings  with  the  same  brake  torque  as  before.  Increase  the  com- 
pounding action,  with  the  same  load  torque,  and  read  as  before;  repeat 
under  new  conditions,  etc.,  taking  altogether  four  or  five  sets  of  read- 
ings. This  will  illustrate  the  action  of  the  compound  winding  at  a 
certain  torque. 

(c)  Take  a  lighter  load  and  again  get  readings  with  different  degrees 
of  compounding;  continue  the  same  process  down  to  no  load.  The 
results  obtained  will  show  the  influence  of  compounding  on  the  current 
taken  by  the  motor,  on  its  efficiency,  and  on  speed  variations  as  com- 
pared to  an  ordinary  shunt  motor.     If  possible,  the  brushes  should  not 
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be  shifted  during  the  whole  test,  as  this  would  change  the  armature  reac- 
tion, and  consequently  the  speed  of  the  motor.  Should  it  be  neoessary 
to  move  the  brushes  because  of  an  excessive  sparking,  this  must  be 
noted  in  the  results,  and  a  record  made  of  the  number  of  commutator 
bars  by  which  the  brushes  were  shifted. 

(d)  The  behavior  of  the  motor  under  actual  fluctuating  load  con- 
ditions should  be  observed,  both  with  and  without  the  series  wind- 
ing. A  lathe  is  convenient  for  this  purpose;  a  piece  of  work  is  put  in 
it,  of  such  a  shape  that  the  tool  cuts  only  part  of  the  revolution,  thus 
giving  the  motor  a  fluctuating  load.  No  exact  measurements  can  be 
attempted  under  these  conditions,  except  a  special  recording  ammeter 
and  a  tachograph  are  available.  In  the  absence  of  such,  the  current 
is  read  every  few  seconds,  and  speed  observed  as  closely  as  possible 
with  an  ordinary  tachometer.  See  also  the  arrangement  for  recording 
variable  load,  described  in  §  701.  The  results  plotted  to  time  as 
abscissae  will  give  an  approximate  idea  of  the  general  performance  of 
the  motor  under  sudden  overloads,  with  and  without  compound  winding. 

Report.  The  results  of  the  regular  load  test  should  be  plotted  to 
either  torque,  horse-power  output,  or  armature  amperes  as  abscissae, 
all  on  the  same  sheet,  so  as  to  show  the  influence  of  compounding  on 
speed,  efficiency,  input  and  output  of  the  motor. 

338.  Differential  Compounding.  —  In  contra-distinction  to  the 
cases,  in  which  cumulatively  compounded  motors  should  be  used,  there 
are  cases,  in  which  a  motor  is  hardly  ever  subjected  to  sudden  heavy 
over-loads,  but  where  an  absolutely  constant  speed  at  all  loads  is  very 
essential.  This  is  the  requirement,  for  instance,  in  some  textile  fac- 
tories, where  one  motor  operates  a  large  number  of  spinning  or 
weaving  machines.  The  speed  of  the  motor  should  not  depend  on  the 
number  of  machines  in  actual  operation,  for  every  change  in  speed 
affects  the  quality  or  the  design  of  the  product.  Motors  used  for  such 
purposes  are  usually  provided  with  a  demagnetizing,  or  differential 
compound  winding.     The  reason  for  this  is  as  follows: 

A  shunt-wround  motor  usually  slows  down  a  few  per  cent  as  the  load 
increases;  in  order  to  bring  up  the  speed  to  its  former  value,  it  is  neces- 
sary to  weaken  the  field  of  the  motor  by  a  field  rheostat.  In  a  differ- 
entially-wound compound  motor  the  same  is  done  automatically: 
When  the  load  increases,  the  armature  current  also  increases;  thus  a 
larger  current  flows  through  the  series  winding;  as  the  same  is  con- 
nected so  as  to  oppose  the  shunt-field  winding,  the  field  strength  is 
reduced,  and  the  motor  speeds  up.  By  properly  adjusting  the  number 
of  turns  of  the  series  winding,  a  fairly  constant  speed  can  be  secured 
throughout  the  working  range  of  the  motor.     By  further  increasing 
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the  number  of  turns  an  over-compounding  is  obtained,  that  is  to  say, 
the  speed  of  the  motor  increases  with  the  load.  This,  however,  has  so 
far  had  but  little  practical  application. 

A  difficulty  in  obtaining  an  absolutely  constant  speed  is  caused  by 
saturation  in  iron.  The  speed  depends  on  the  flux,  while  the  com- 
pounding action  is  proportional  to  the  number  of  ampere-turns.  When 
the  iron  is  far  from  saturation  the  flux  is  proportional  to  ampere-turns, 
so  that  theoretically  a  perfectly  constant  speed  may  be  had  at  all  loads; 
near  saturation  this  condition  does  not  hold,  and  a  motor  compounded 
so  as  to  give  the  same  speed  at  full  load  as  at  no  load,  runs  at  somewhat 
different  speeds  at  partial  loads.  This  result  of  saturation  was  observed 
in  a  generator  compounded  so  as  to  give  the  same  voltage  at  full  load 
as  at  no  load,  but  which  gives  too  high  a  voltage  at  intermediate  loads 
(Fig.  270).  This  effect  is  more  noticeable  the  nearer  the  magnetic 
circuit  approaches  saturation. 

A  differentially-wound  motor  does  not  start  as  easily  as  an  ordinary 
shunt  motor.  This  is  due  to  the  starting  current  weakening  the  field 
and  so  reducing  the  starting  torque.  If  an  excessive  starting  current 
is  allowed  to  flow  through  the  series  field,  the  action  of  the  latter  may 
become  even  stronger  than  that  of  the  shunt  field,  and  the  motor  will 
have  a  tendency  to  start  in  the  wrong  direction.  Therefore,  differen- 
tially-wound motors  are  usually  provided  with  a  switch  for  short-cir- 
cuiting the  series  winding  during  the  starting  period.  After  a  con- 
siderable speed  has  been  attained,  and  the  current  has  dropped  to  its 
normal  value,  this  switch  is  opened,  and  the  motor  runs  at  its  rated 
speed. 

339.  EXPERIMENT  16-D.  — Effect  of  Differential  Compound- 
ing  of  Motors.  —  The  experiment  consists  in  loading  the  motor,  and 
observing  speed  variations.  A  steady  load  is  obtained  by  means  of  a 
generator,  or  a  blower;  either  of  these  being  preferable  to  a  Prony  brake. 
In  order  to  be  able  to  determine  the  motor  load,  the  generator,  or  the 
blower,  must  be  calibrated,  unless  a  transmission  dynamometer  is  used 
(§  332).  If  the  load  cannot  be  measured,  refer  motor  speeds  to  amperes 
input,  instead  of  horse-power  output.  The  test  should  comprise  sev- 
eral sets  of  readings,  at  various  loads  and  with  different  degrees  of  com- 
pounding. From  these  readings,  when  plotted  as  curves,  conclusions 
can  be  drawn  as  to  the  variation  of  speed  with  the  load;  also,  the  right 
number  of  turns  in  the  series  winding  can  be  determined.  The  test 
should  be  performed  with  at  least  two  values  of  shunt-field  current,  one 
value  corresponding  to  the  field  highly  saturated,  another  with  the  field 
considerably  weaker,  that  is  to  say,  at  a  higher  speed.     This  will  show 
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the  influence  of  saturation  of  the  magnetic  circuit  on  speed  regula- 
tion. 

VABIABLE-SPEED    DRIVE. 

340.    Varying   Speed    by   Field   Control.  —  It  was  explained   in 
§  330  that  the  speed  of  a  shunt  motor  increases  as  the  field  excitation 


Fig.  291.     A  shunt- wound  motor  with  a  compensating  winding  for  neutralizing 
the  armature  reaction.  . 

is  weakened,  —  the  limit  being  usually  imposed  by  sparking  at  the 
brushes,  due  to  the  increased  effect  of  armature  reaction.  Therefore, 
the  efforts  of  designers  of  variable- 
speed  motors  have  been  constantly 
directed  towards  a  possible  reduction 
of  the  armature  reaction.  This  meant, 
in  the  first  place,  a  strong  and  satu- 
rated magnetic  field,  and  a  compara- 
tively weak  armature  (as  expressed  in 
ampere-turns).  The  next  step  was  to 
compensate  for  the  armature  reaction 
by  providing  an  auxiliary  field  (Fig. 
291)  with  an  effect  equal  and  opposite 
to  that  of  the  armature.  The  coils 
comprising  this  compensating  field 
must  evidently  be  connected  in  series 
with  the  armature,  so  as  to  give  the 
right  number  of  ampere-turns  with 
varying  armature  currents.  The  field  frame-  of  a  compensated  motor 
is  shown  in  Fig.  292.  The  four  large  poles  produce  the  main  field  (shunt 
field),  the  narrow  poles  constitute  the  auxiliary  compensating  field. 
Such  "inter-pole  "  motors  easily  give  a  speed  ratio  of  4  to  1  by  field 
control,  without  excessive  sparking. 


Fig.  292.  A  four-pole  motor  frame 
with  compensating  poles  (inter- 
poles). 


376 


DIRECT-CURRENT  MOTORS  —  OPERA  TIOX. 


[Chap.  16 


The  inter-poles,  or  compensating  poles,  are  now  becoming  quite 
popular,  and  have  been  applied  not  only  to  shunt  motors,  but  to  series- 
wound  railway  motors  as  well.  They  are  also  used  to  some  extent  with 
direct-current  generators,  especially  those  driven  by  steam-turbines; 
this  is  done  in  order  to  suppress  sparking  caused  by  high  frequency  of 
commutation. 

The  field  arrangement  of  another  type  of  variable-speed  motor  is 
shown  in  Fig.  293  (Stow  motor).     Instead  of  varying  the  field  strength 


Fio.  293.  Pole-piece  in  a  Stow 
motor ;  cross-magnetization 
is  reduced  by  an  air  column. 


Fio.  294.  Pole-piece  in  an 
ordinary  motor;  field  distor- 
tion is  the  greatest  when  the 
field  is  the  weakest. 


by  regulating  the  shunt  current,  the  field  is  varied  in  this  motor  by 
changing  the  length  of  the  air-gap.  The  pole-piece  consists  of  a  plunger 
actuated  by  a  hand-wheel.  The  higher  the  pole-piece  is  raised,  the 
larger  is  the  air-gap,  and  therefore  the  weaker  is  the  field  (with  the 
same  field  current).  In  four-pole  motors  of  this  type  all  the  pole-pieces 
are  moved  simultaneously  by  a  beveled-gear  transmission.  The  reason 
why  the  effect  of  armature  reaction  in  this  motor  is  reduced  at  higher 
speeds  may  be  seen  by  a  comparison  of  Fig.  293  to  Fig.  294.  which 
latter  represents  the  field  of  an  ordinary  motor,  In  the  Stow  motor. 
as  the  air-gap  becomes  larger,  the  reluctance  of  the  magnetic  path  for 
the  distorting  lines  of  force,  created  by  the  armature,  also  increases, 
thus  reducing  the  harmful  cross-magnetization  flux.  On  the  contrary, 
in  an  ordinary  motor  field,  distortion  is  greatest  when  the  field  i* 
weakest. 

In  another  type  of    motor,  based  on  a  similar  principle    (Lincoln 
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motor),  the  armature  is  made  slightly  larger  at  one  end  than  at  the 
other,  and  can  be  shifted  along  the  shaft  by  a  hand -wheel.  As  it  is 
withdrawn  from  the  pole-pieces,  the  useful  magnetic  area  decreases; 
moreover,  the  air  gap  increases  because  of  the  conical  shape  of  the 
armature.  The  result  is  that  the  useful  flux  decreases,  and  the  speed 
of  the  motor  increases. 

341.  EXPERIMENT  16-E.  —Study  of  Compensated  Variable- 
Speed  Motors.  —  The  experiment  consists  in  a  study  of  the  performance 
of  a  shunt  motor,  provided  with  inter-poles.  A  Stow,  or  a  Lincoln  motor 
may  be  studied  in  a  similar  way.  Either  a  Prony  brake  or  a  calibrated 
generator  may  be  used  as  a  load.  In  order  to  save  time  and  have 
more  runs  taken  under  different  conditions,  readings  on  partial  loads 
can  be  omitted. 

id)  Start  with  the  heaviest  load  and  the  lowest  speed  possible;  read 
input,  output,  speed,  etc.,  as  in  a  regular  brake  test.  Reduce  the  load 
to  about  50  or  75  per  cent  of  the  rated  capacity  of  the  motor,  and  take 
another  set  of  readings.  Then  run  the  motor  light,  with  the  same  field. 
These  three  runs  will  give  sufficient  information  concerning  the  behavior 
of  the  motor  with  a  certain  field  current. 

(/>)  Load  the  motor  again  to  its  full  capacity,  but  at  a  lower  field 
current  (higher  speed),  and  repeat  the  three  runs  as  before.  Re])eat 
at  higher  speeds,  until  the  limit  of  speed  is  reached,  beyond  which  it 
would  not  be  safe  to  go,  on  account  of  the  danger  from  centrifugal 
force,  and  destructive  sparking. 

Adjust  the  brake  load  so  as  to  have  the  same  horse-power  output  with 
different  values  of  the  field  current,  in  order  to  get  comparable  results.* 

:'-)  The  speed  characteristics  of  a  compensated  motor  depend  essen- 
tially upon  the  position  of  the  brushes.  Take  a  few  runs  with  different 
.settings  of  the  brushes,  and  measure  accurately  the  speed,  with  the 
motor  running  in  both  directions. 

id)  Disconnect  the  compensating  winding,  and  take  load  readings 
with  the  same  horse-power  output  as  before,  and  with  the  same  values 
of  field  current.  Weaken  the  field  as  far  as  the  sparking  limit  will 
allow. 

Report.  Plot  to  field  current  as  abscissae:  speed  and  efficiency,  with 
ami  without  the  compensating  winding.  Points  on  the  same  ordinates 
must  refer  to  equal  values  of  horse-powrer  output.     Discuss  the  results. 

342.  Motors  on  Three- Wire  Systems.  —  Instead  of  by  field  control, 
speed  may  be  regulated  by  varying  the  voltage  at  the  armature  termi- 

*  Variable-speed  motors  are  usually  designed  to  give  the  same  horse-power 
output  at  all  speeds;  this  means  that  the  torque  must  be  decreased  as  speed  is 
increased. 
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nals.  In  most  cases  it  would  be  out  of  the  question  to  do  this  regula- 
tion by  rheostatic  control,  as  it  is  too  wasteful  of  energy.  However, 
it  can  be  done  economically  on  a  three-wire  system  (Figs.  281  and 
295). 

A  great  deal  has  been  written  by  various  authorities  on  the  relative 
advantages  of  three-wire  systems  and  field  control;  as  the  question  now 
stands,  each  individual  case  must  be  decided  according  to  local  con- 
ditions. If  but  a  few  variable-speed  motors  are  needed,  compensated 
shunt  motors  with  field  control  are  more  economical;  where  a  gocxl 
many  motors  are  to  be  installed,  it  becomes  a  question  of  dollars  and 
cents,   whether    (a)   more  expensive  compensated   motors  should  be 


Yin.  295.      Motor  connected  to  a  three-wire  supply. 


used,  with  an  ordinary  two-wire  system;  or  (b)  an  extra  investment 
put  into  the  third  wire,  a  balancer  set,  etc.,  and  standard  shunt  motors 
used. 

A  shunt  motor  connected  to  a  three-wire  system  is  shown  in  Fig. 
295.  The  field  is  permanently  connected  between  the  outside  wire>, 
but  may  be  varied  to  some  extent  by  the  rheostat  in  its  circuit.  The 
armature  may  be  connected  at  will,  either  on  half  voltage,  dm,  or  on 
full  voltage,  cbd.  To  get  the  lowest  speed,  say  400  r.p.m.,  the  motor 
field  is  fully  excited,  and  the  armature  connected  across  110  volts. 
By  gradually  weakening  the  field,  the  speed  can  usually  be  doubled 
before  difficulties  in  commutation  begin;  this  gives  any  desired  speed 
between  400  and  800  r.p.m.  After  this,  the  armature  is  switched  on 
to  the  full  voltage,  220  volts,  and  the  field  fully  excited;  this  gives  again 
800  r.p.m.;  then  by  weakening  the  field  the  speed  can  be  brought  up 
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to  1600  r.p.m.  This  gives  the  same  speed  limits  4  to  1,  as  with  a  good 
compensated  motor. 

By  using  an  unsymmetrical  three-wire  system  (§  323),  or  a  four-wire 
system  (§  325)  a  still  wider  range  of  speed  may  be  obtained. 

Instead  of  a  three-wire  system,  two  motors  can  be  used  for  driving 
the  same  tool  or  shaft;  by  connecting  them  in  series  and  in  parallel 
(as  in  a  street  car),  half  speed  and  full  speed  can  be  had.  It  is  even 
unnecessary  to  have  two  separate  motors;  the  two  armature  windings 
can  be  put  on  the  same  core  and  revolve  in  the  same  field.  This  gives 
the  so-called  "  two-commutator  motor"  (Fig.  296).  When  a  is  con- 
nected to  b,  the  two  armature  windings  are  in  series,  and  the  motor 


Line 


Line 


Fig.  296.     A  two-commutator  motor  :  the  Armature  windings 
may  be  connected  in  series  or  In  parallel. 


runs  at  half  speed;  when  a  is  connected  to  c,  and  6  to  d,  the  two  wind- 
ings are  in  parallel,  and  the  motor  runs  at  full  speed.  The  field  circuit 
is  provided  with  a  regulating  rheostat,  by  means  of  which  the  range  of 
speed  is  further  increased  and  in  termed  iata^speeds  are  made  possible. 
Such  an  arrangement  may  be  useful  in  special  cases,  but,  as  a  rule, 
either  the  compensated  motor  or  the  three-wire  system  is  preferred. 

343.  EXPERIMENT  16-F.  —Operating  Motors  on  a  Symmet- 
rical Three-Wire  System.  —  Provide  a  three-wire  source  of  supply,  as 
in  Fig.  278,  or  in  Fig.  279,  and  connect  to  it  an  ordinary  shunt  motor 
as  in  Fig.  295.  (a)  Load  the  motor  to  its  rated  capacity  at  the  lowest 
speed  possible,  viz.,  strongest  field  and  half  voltage  on  the  armature. 
Gradually  increase  the  speed  by  weakening  the  field  as  far  as  sparking 
will  allow;  vary  the  torque  accordingly,  so  as  to  keep  the  same  horse- 
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power  output.  Read  armature  and  field  amperes,  volts,  brake  load  and 
speed,  as  in  a  regular  brake  test. 

(b)  Having  reached  the  speed  limit,  switch  the  armature  over  to 
the  full  voltage;  start  again  with  the  strongest  field  and  continue  the 
test  as  before,  keeping  horse-power  output  constant.  After  each  read- 
ing, release  the  brake  before  going  to  the  next  point;  read  input  and 
speed  at  no  load,  so  as  to  see  per  cent  speed  variation  between  no  load 
and  full  load. 

Report.  Plot  to  speed  as  abscissa*  all  the  data  observed,  also  an 
efficiency  curve. 

344.  EXPERIMENT  16-G.  —Operating  Motors  on  an  (Asym- 
metrical Three-Wire  System.  —  An  unsymmetrical  three-wire  system 
is  produced,  as  explained  in  $  323.  The  experiment  is  performed  in 
a  way  similar  to  the  preceding  one.  The  armature  is  connected  in 
succession  across  the  three  different  voltages. 

TROUBLES    IX    DIRECT-CURRENT    MACHINES. 

345.  Troubles  in  an  electrical  machine  may  be  either  of  mechanical 
or  of  electrical  nature.  Mechanical  troubles,  such  as  unbalancing, 
defective  bearings,  etc.,  can  be  comparatively  easily  detected;  they 
are  remedied  in  the  same  way  as  in  any  non-electrical  machine. 
Purely  electrical  troubles  require  more  special  knowledge  for  their 
detection;  some  of  the  symptoms,  and  the  detection  of  the  more  impor- 
tant electrical  troubles,  are  described  below. 

The  three  parts  of  a  direct-current  machine  that  may  give  trouble 
of  an  electrical  nature,  are:  armature,  commutator,  and  field  magnets: 
these  will  be  considered  separately.  It  is  hardly  possible  to  give 
derailed  and  complete  instructions  for  locating  troubles,  since  they 
often  occur  in  a  manner  and  place  in  which  they  are  least  expect e<l. 
Sound  judgment,  and  the  instinct  bred  of  experience,  permit  a  trained 
man  to  locate  the  trouble  in  a  few  minutes,  where  a  beginner  may 
spend  days. 

346.  Troubles  in  Field.  —  The  principal  troubles  in  the  field  circuit 
are:  The  winding  may  be  partly  or  totally  short-circuited,  or  grounded 
on  to  the  frame;  it  may  be  connected  in  a  wrong  way  so  as  to  produce 
two  adjacent  poles  of  the  same  polarity;  the  winding  may  be  broken 
(open  circuit):  the  machine  may  have  lost  its  residual  magnetism,  or 
may  have  it  in  the  wrong  direction.  All  these  troubles  can  be  detected 
by  comparatively  simple  means.  A  short-circuit  is  detected  by  meas- 
uring the  resistance  of  the  winding  with  a  Wheatstone  bridge,  or  by 
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the  drop-of-potential  method.  If  the  winding  is  grounded  to  the 
frame,  a  lamp  will  light  up  between  the  winding  and  the  frame;  or  else 
the  ground  can  be  detected  by  a  Wheatstone  bridge,  a  galvanoscope, 
a  magneto,  etc.  If  the  ground  resistance  is  high,  it  is  measured  with 
a  voltmeter,  as  explained  in  §  290.  One  ground  connection  is  not  so 
bad,  as  long  as  the  rest  of  the  circuit  is  thoroughly  insulated  from  the 
ground.  But  should  another  point  touch  the  ground  a  short-circuit 
is  produced,  with  all  its  harmful  effects.  An  open  circuit,  or  a  loose 
connection,  is  also  easily  traced  out  by  a  lamp.  Wrong  polarity  can 
be  detected  by  bringing  a  magnetic  needle  near  the  poles.  Loss  of 
residual  magnetism  is  usually  manifested  by  the  generator  failing  to 
excite  itself,  though  of  course  a  broken  or  a  wrong  connection  has  the 
same  effect. 

With  a  sufficient  knowledge  of  the  theory  and  performance  of  direct- 
current  machines,  the  possible  causes  of  a  trouble  may  be  investigated 
and  gradually  eliminated,  until  the  actual  cause  is  found. 

347.  Troubles  in  Armature.  —  There  are  three  principal  faults  in 
the  armature  to  be  looked  after:  short-circuit,  open  circuit,  and 
grounded  winding.  The  usual  method  for  locating  a  short-circuit  con- 
sists in  putting  a  current  through  the  armature  and  measuring  the 
voltage  drop  between  each  two  adjacent  commutator  segments  by 
means  of  a  milli-voltmeter,  or  a  low-reading  voltmeter,  as  shown  in 
Fig.  297.  At  the  place  of  a  short-circuit,  as  between  a  and  6,  the  drop 
is  almost  zero,  or  at  any  rate  much  lower  than  between  other  segments. 
When  the  trouble  is  thus  located,  it  remains  to  determine  whether  the 
short-circuit  is  in  the  winding  c  itself  or  between  the  two  commutator 
bars.  This  is  done  by  disconnecting  the  suspicious  coil  from  the  com- 
mutator and  trying  the  voltage  drop  again  between  the  same  two 
commutator  bars  and  between  the  ends  of  the  coil. 

A  modification  of  this  test  consists  in  using  alternating  current, 
instead  of  a  direct  current,  and  applying  a  telephone  receiver  instlad 
of  a  milli-voltmeter.  Where  the  winding  and  the  commutator  are 
clear  of  short-circuit,  a  distinct  humming  is  heard  in  the  receiver;  the 
humming  ceases  when  passing  over,  the  short-circuited  bars.  An  open 
circuit  is  also  tested  by  means  of  a  low-reading  voltmeter.  It  wiH  be 
easily  seen  that  in  this  case  the  deflection  suddenly  rises  when  passing 
over  the  fault.  A  ground  is  detected  by  the  same  means  ns  in  the 
field  (§  346). 

348.  Commutator  Troubles.  —  These  are  usually  manifested  in  an 
excessive  heating  and  sparking;  sometimes  the  cause  lies  in  the  com- 
mutator itself,  and  sometimes  in  the  armature  winding,  as  explained 
above.     The  principal  commutator  troubles  proper  are:  rough  surface, 
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a  high  bar,  a  wrong  setting  of  the  brushes,  and  a  short-circuit  between 
the  bars.  A  rough  surface,  or  a  high  bar,  is  usually  detected  by  an 
inspection  of  the  commutator  as  soon  as  the  trouble  has  been  noticed. 
The  improper  setting  of  the  brushes  is  discovered  by  shifting  the 
brushes  until  the  position  of  minimum  sparking  is  found.  Old 
machines  usually  require  shifting  of  the  brushes  with  various  loads 
because  of  a  large  armature  reaction.  More  modern  machines  gen- 
erally have  a  permanent  setting  from  no  load  to  full  load. 

A  short-circuit  between  the  bars  is  the  most  serious  trouble  and 
requires  immediate  attention;  if  the  bars  a  and  b  (Fig.  297)  are  short- 


Fig.  297.    Locating  faults  in  an  armature,  using  a  voltmeter. 

circuited  they  short-circuit  the  coil  c.  As  this  coil  revolves  in  a  strong 
majgnetic  field,  heavy  currents  are  produced  in  it,  and  the  coil  is  usually 
burned  out  in  a  short  time.  The  method  for  locating  this  trouble  is 
the  same  as  for  locating  a  short-circuited  coil  in  the  armature  and  is 
described  in  the  previous  article. 

349.  EXPERIMENT  1 6- H.  — Locating  Troubles  in  a  Direct- 
Current  Machine.  —  The  best  way  to  arrange  this  exercise  would  be 
for  the  instructor  to  provide  several  faults  in  a  machine  and  then  let 
the  student  locate  and  remedy  them.  The  objection  to  this  method 
is,  however,  that  an  inexperienced  man  may  spend  hours  and  even 
days  before  he  finds  a  trouble.  Therefore  it  is  deemed  advisable  to  let 
the  student  himself  provide  various  faults  in  the  machine,  observe 
its  behavior,  and  then  perform  the  measurements  described  above  for 
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locating  troubles.  In  this  way  more  can  be  accomplished  in  a  shorter 
time,  and  various  faults  studied  systematically.  Various  troubles  give 
different  symptoms  according  to  whether  the  machine  is  running  as  a 
generator  or  a  motor;  it  is,  therefore,  desired  that  the  student  should  run 
the  machine  both  ways,  whenever  practicable. 

(a)  Begin  the  experiment  by  short-circuiting  part  of  the  field  wind- 
ing and  operate  the  machine  as  a  generator  and  as  a  motor;  note  the 
abnormal  symptoms  observed.  Then  do  the  same  with  the  other 
troubles  enumerated  in  §  346:  make  wrong  connections,  produce  an 
opposite  residual  magnetism,  etc.  Report  all  the  symptoms  observed, 
and  state  how  you  would  locate  the  true  cause,  by  gradually  eliminat- 
ing all  other  possible  causes. 

(b)  Produce  in  the  armature  the  faults  described  in  §  347  and 
observe  the  symptoms  accompanying  the  faults.  Care  should  be  taken 
not  to  damage  the  machine,  as  these  faults  are  usually  accompanied 
by  vicious  sparking  and  heavy  currents.  The  necks  of  two  commuta- 
tor bars  may  be  provided  with  small  screws  for  placing  an  artificial 
short-circuit  between  them.  Use  a  small  fuse  wire  for  short-circuiting, 
so  that  it  would  blow  out  before  the  coil  could  be  damaged. 

It  is  interesting  to  observe  the  effect  of  two  or  more  coils  being  short- 
circuited  simultaneously;  figure  out  how  the  coils  can  be  located  in 
this  case  by  the  drop-of -potential  method. 

(c)  After  having  had  sufficient  practice  with  the  above  faults,  the 
student  should  feel  enough  confidence  in  himself  to  locate  some  pre- 
arranged troubles,  without  knowing  their  place  or  nature.  One  man 
of  the  section,  or  the  instructor,  may  be  asked  to  arrange  one  or  more 
faults  in  the  machine,  for  the  others  to  locate.  This  will  bring  more 
interest  into  the  work  and  will  make  it  more  profitable. 


CHAPTER  XVII. 

DIRECT-CURRENT  MACHINERY  —EFFICIENCY  AND 

LOSSES. 

350.  A  direct-current  machine  can  be  operated  either  as  a  generator 
or  as  a  motor.  In  the  former  case  it  transforms  the  mechanical  energy 
of  the  prime  mover  into  electrical  energy  available  at  its  terminals; 
in  the  second  case  it  converts  the  electrical  input  from  the  line  into 
mechanical  energy  available  on  its  shaft.  In  both  cases  this  transfor- 
mation of  energy  is  necessarily  accompanied  by  losses  in  the  machine 
itself. 

These  losses  cause  the  output  of  the  machine  to  be  less  than  the  input; 
the  ratio  of  the  two  is  called  the  efficiency  of  the  machine.  Efficiency 
is  thus  indirectly  a  measure  of  the  losses.     By  definition 

efficiency  =  MM (1) 

input 

This  expression  holds  true  for  either  a  generator  or  a  motor.  Efficiency 
may  also  be  expressed  in  terms  of  output  and  losses  thus: 

Efficiency  of  generator  ~  -     elec*rical  outPu* ;     .    .(2) 

electrical  output  -f  losses 

Efficiency  of  motor  =  mechanical  output (3) 

mechanical  output  4-  losses 

The  efficiency  of  a  motor  may  also  be  conveniently  expressed  in  the 
following  form: 

Efficiency  of  motor  -  Electrical  i"P"t  -  losses (4) 

Electrical  input 

351 .  Direct  and  Indirect  Methods  for  Determining  Efficiency,  r 

The  four  above  expressions  for  efficiency  are  identical  in  principle,  the 
efficiency  in  all  of  them  being  expressed  by  the  ratio  of  output  to  input- 
Two  experimental  methods  may  be  used  for  determining  efficiency, 
according  to  whether  it  is  expressed  explicitly  in  terms  of  both  input 
and  output,  as  in  the  formula  (1),  or  of  only  one  of  these  and  the  losses, 
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as  in  (2),  (3)-  and  (4).  The  first  method  is  sometimes  called  the  direct 
method  for  determining  efficiency,  the  second  one  —  the  indirect.  Both 
are  used  in  practice,  and  there  are  cases  in  which  each  one  is  prefer- 
able. 

When  both  input  and  output  are  to  be  measured  directly,  an  actual 
load  test  is  necessary:  a  brake  is  used  with  motors,  generators  are 
generally  loaded  on  resistances.  While  the  measurement  of  the 
electrical  input  or  output  is  comparatively  simple,  determining  the 
mechanical  power  requires  a  brake,  a  transmission  dynamometer,  or 
similar  devices  which  are  neither  easily  operated  nor  accurate  in  results, 
even  on  small  machines,  and  hardly  applicable  for  large  machines. 
Moreove^^he  waste  of  power  unavoidable  with  such  tests  is  objection- 
able, and  in  many  cases  even  prohibitive,  because  it  may  be  quite  im- 
possible to  get  the  necessary  amount  of  power. 

At  any  rate,  the  direct  method  gives  only  the  sum  total  of  the  losses 
and  not  the  separate  losses.  The  results  obtained  cannot  be  very 
accurate,  because  the  losses  are  determined  as  a  difference  between  two 
large  and  not  very  different  quantities  —  the  input  and  the  output.  A 
small  error  in  either  of  these  may  result  in  a  considerable  error  in  the 
value  of  the  losses. 

The  indirect  method  is  therefore  usually  employed,  and  by  its  use 
the  segregation  of  the  losses  into  the  separate  components  is  made  pos- 
sible. The  procedure  is,  in  brief,  to  run  the  machine  under  test  at 
no  load,  and  to  determine  the  power  necessary  for  driving  it.  The 
power  is  used  in  this  case  entirely  for  overcoming  the  losses,  and  is  thus 
a  direct  measure  of  the  sum  total  of  the  losses. 

■  352.  Losses  in  Direct-Current  Machines.  —  The  losses  in  an 
electric  machine,  whether  running  as  a  motor  or  as  a  generator,  can 
be  subdivided  into  three  different  classes: 

(a)  Copper  loss  {PR)  in  the  armature,  and  in  the  field  circuit; 

(b)  Iron  loss   (hysteresis  and  eddy  currents)  in  the  armature  core; 

(c)  Mechanical  losses:  bearing  friction,  brush  friction,  and  windage 
(air  resistance). 

The  copper  loases  need  not  be  determined  experimentally;  it  is  only 
necessary  to  measure  the  ohmic  resistances  of  the  corresponding  wind- 
ings; then  the  /2^Jkf  can  be  calculated  for  any  desired  value  of  the 
current.  ^^H 

The  iron  loss  in  any  machine  depends  upon  the  magnetic  flux  of  the 
machine  and  upon  its  speed.  In  shunt-wound  machines  the  flux  is 
constant  as  long  as  the  field  current  is  constant.  The  speed  is  also 
approximately  the  same  at  all  loads;  therefore  the  iron  loss  under  these 
conditions  is  approximately  constant. 
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The  brush  friction  and  the  windage  loss  depend  on  speed  only. 
The  bearing  friction  is  constant  in  a  direct-connected  motor,  but  when 
the  motor  is  used  for  belt  drive  the  friction  depends  on  the  tension  of  the 
belt.  This  increase  in  friction  could  hardly  be  taken  into  account,  and 
it  is  customary  not  to  charge  it  to  the  motor. 

Thus  the  items  (b)  and  (c),  viz.,  iron  loss  and  friction  in  a  shunt- 
wound  machine,  can  be  assumed  nearly  constant  at  all  loads,  and  having 
the  same  value  as  at  no  load.  This  gives  a  convenient  method  for 
measuring  these  losses;  all  that  is  necessary  is  to  measure  the  amount  of 
power  put  into  the  armature  of  the  machine,  running  as  a  motor,  at  no 
load.  This  input  is  all  converted  into  iron  loss  and  friction,  with  the 
exception  of  a  small  part  of  it,  which  is  necessary  for  suppl>#ng  the  I2R 
loss  in  the  armature  winding  and  the  brushes.  The  correction  is 
usually  negligible,  but,  if  necessary,  can  be  readily  calculated. 

There  are  cases  where  the  machine  under  test  cannot  be  run  as  a 
motor;  for  instance,  if  it  is  a  500- volt  Machine,  and  only  a  110- volt  source 
of  supply  is  available.  In  such  cases,  the  machine  is  belted  to  a  small 
auxiliary  motor  and  driven  at  the  right  speed  and  excitation,  at  no  load. 
The  input  into  the  driving  motor  is  equal  to  the  losses  in  the  machine, 
with  a  correction  for  the  losses  in  the  motor  itself. 

To  determine  the  losses  in  the  driving  motor  the  belt  is  taken  off,  and 
the  motor  run  at  no  load  within  the  same  limits  of  speed  and  excitation 
as  when  driving  the  machine  under  test.  The  input  into  its  armature 
is  a  measure  of  the  losses  in  the  motor  itself,  and  can  thus  be  calculated 
and  eliminated  from  the  results. 

Thus,  there  are  two  methods  for  determining  the  losses  in  a  machine. 
The  machine* under  test  may  be  driven  electrically  as  motor,  or  mechani- 
cally by  an  auxiliary  motor.  A  third  possible  way,  the  so-called 
retardation  method,  is  described  in  §  361. 

353.  Example  in  Calculating  Efficiency  from  Losses.  —  Suppose 
that  it  is  required  to  calculate  the  efficiency  curve  of  a  50  horse-power 
220- volt  motor.  It  was  found  that  at  no  load  the  motor  takes  10.6 
amperes  (armature  current),  and  the  field  current  at  which  the  motor 
is  supposed  to  run  is  equal  to  5.8  amperes.  The  resistance  of  the 
armature  was  found  by  measurement  to  be  0.0377  ohm.  We  have : 
no-load  losses  (neglecting  copper  loss)  consisting  pf^fcon  loss  and  friction 
=  220  X  10.6  =  2.33  kilowatts;  excitation  lo*  =W)X  5.8  -  1.275 
kilowatts;  total  losses  independent  of  the  load=  2.33  +  1.275  =  3.605 
kilowatts.  The  copper  loss  in  the  armature  depends  upon  the  load;  as 
^e  do  not  know  what  current  the  motor  would  take  at  an  output  of  50 
horse-power,  we  have  to  find  it  by  trials.  A  still  better  method  is  to 
construct  the  whole  efficiency  curve  from  no  load  to  one  and  a  quarter 
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load  and  then  take  from  this  curve  the  point  corresponding  to  full 
load. 

An  ideal  50  horse-power  motor  takes  at  full  load, 

50  X  746 


220 


—  170  amp.; 


the  real  motor  will  probably  take  190  or  200  afnperes.  Therefore,  we 
construct  the  efficiency  curve  for  points  between,  say,  100  amperes  and 
250  amperes;  then  we  can  be  sure  that  the  full-load  point  lies  on  this 
curve.  Take,  for  instance,  the  150-ampere  point.  Total  electrical  input 
=  (150  +  5.8)  X  220  =  34.28  kilowatts;  copper  loss  in  the  armature  = 
1502  X  0.0377  =  0.848  kilowatts;  total  loss  =  3.605  +  0.848  =  4.453 
kilowatts. 

The  efficiency  is  34'28  ~  4453  -  87  per  cent. 
34.28 

The  output  =  34.28 -,4.453  ^  ^  ^^p^^ 
F  0.746 

In  this  way,  efficiency  can  be  calculated  for  various  values  of 
output;  and  the  efficiency  corresponding  to  an  output  of  50  horse-power 
found  from  the  curve  plotted. 

This  method  of  figuring  efficiency  from  losses  is  not  quite  correct,  for 
the  reason  that  the  speed  does  not  remain  altogether  constant  at  all 
loads,  but  may  drop  a  few  per  cent  between  no  load  and  full  load.  In 
order  to  take  this  into  account,  the  no-load  run  is  sometimes  supple- 
mented by  the  so-called  ampere-speed  curve  giving  actual  values  of  speed' 
of  the  motor,  with  varying  input.  The  no-load  test  is  then  run  within 
the  limits  of  the  speeds  of  the  motor,  and  in  figuring  out  the  efficiency, 
the  values  of  the  iron  loss  and  friction  are  taken  for  the  speed  corre- 
sponding to  a  given  amperes  input. 

When  the  machine  under  test  is  driven  mechanically,  the  losses  in 
the  driving  motor  are  taken  into  account  as  follows:  Suppose,  for 
instance,  that  in  one  of  the  runs  the  input  into  the  armature  of  the 
auxiliary  motor  was  5  amperes  at  104  volts,  or  520  watts.  When  the 
auxiliary  motor  was  run  alone  (with  the  belt  off)  it  took  1.3  amperes  at 
101  volts,  with  the  same  excitation  and  the  same  speed  in  both  cases. 
The  resistance  of  the  motor  armature  was  found  by  measurement  to  be 
=  0.16  ohm.  Then  the  iron  loss  and  friction  in  the  motor  amount  to 
131.3— 1.3*  X  0.16  -  131  watts;  the  iron  loss  and  friction  in  the 
machine  under  test  is  therefore 

520  -  131  ~  52  X  0.16  -  385  watts. 
It  will  be  seen  from  these  figures  that  the  correction  for  PR  is  small, 
and  in  many  cases  may  be  neglected  altogether. 
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354.  EXPERIMENT  17-A.  —Efficiency  from  Losses,  Machine 
Driven  Electrically.  —  (a)  Connect  up  the  machine  under  test,  as  in 
Fig.  284,  and  run  it  at  no  load  and  at  the  rated  voltage.*  Vary  the  speed 
within  the  range  for  which  the  values  of  efficiency  are  desired,  by  regu- 
lating the  field  current,  (b)  Determine  the  resistance  of  the  armature 
by  the  drop-of-potential  method  (§  10).  (c)  If  the  machine  under 
test  is  intended  to  be  used  as  a  motor,  and  accurate  results  are  required, 
ampere-speed  curves  should  be  taken.  For  these,  the  machine  is  belted 
to  a  generator  or  a  blower  and  is  driven  at  the  values  of  the  field  current 
and  armature  current  for  which  the  efficiency  is  desired.     The  no-load 


Fig.  298.    Separation  of  losses  in  a  direct-current  machine, 
driven  mechanically  as  a  generator. 


The  machine  is 


runs  are  repeated  for  the  same  values  of  field  current  and  speed;  speed 
is  regulated  in  this  case  by  the  rheostat  in  the  armature  circuit. 

If  the  machine  under  test  is  intended  to  be  used  as  a  generator,  no 
ampere-speed  curves  are  necessary,  but  an  excitation  characteristic 
should  be  taken  instead  (see  §  305),  so  that  the  values  of  the  field  current 
at  different  loads,  but  with  a  constant  terminal  voltage,  may  be  known. 
Then  the  no-load  runs  are  taken  for  the  corresponding  values  of  field 
current  and  speed,  the  latter  being  again  varied  by  a  Aeostat  in  the 
armature  circuit. 

Report.     Plot  ampere-speed  curves  and  an  excitation  characteristic; 

*  Before  beginning  the  test  it  is  advisable  to  let  the  motor  run  idle  for  at  least 
half  an  hour,  in  order  to  get  the  bearings  warmed  up  and  the  friction  more  constant. 
This  may  not  be  practicable  in  the  laboratory,  because  of  the  limited  amount  of  time 
for  test,  but  this  precaution  is  advisable  in  more  accurate  work. 
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also  curves  of  no-load  losses.  Figure  out  the  resistance  of  the  armature 
Plot  to  horse-power  output  as  abscissae,  efficiency  curves  of  the  machine 
working  as  a  motor,  with  two  or  three  different  values  of  the  exciting 
current.  Plot  to  kilowatt  output  as  abscissae  an  efficiency  curve  of  the 
machine,  working  as  a  generator. 

355.  EXPERIMENT  17-B.—  Efficiency  from  Losses,  Machine 
Driven  Mechanically.  —  The  experiment  is  performed  as  explained  at 
the  end  of  §  353.     The  diagram  of  connections  is  shown  in  Fig.  298;  the 


Fio.  299.    Separate  losses  in  a  direct-current  machine. 

driving  motor  is  at  the  left,  the  machine  under  test  at  the  right.  The 
fields  of  both  machines  are  excited  separately,  so  that  the  power  loss  in 
the  field  windings  does  not'  enter  into  calculations. 

This  method  is  usually  selected  when  no  source  of  power  is  available 
to  drive  the  ljaachine  electrically,  as  in  the  preceding  experiment;  there- 
fore, taking  an  ampere-speed  curve  is  out  of  the  question,  and  in  figur- 
ing out  the  efficiency  of  the  motor,  speed  variations  with  load  can  only 
be  estimated.  If  the  machine  is  intended  to  be  used  as  a  generator,  it 
is  possible  to  take  its  excitation  characteristics,  provided  a  driving  motor 
of  sufficient  size  (of  a  capacity  about  10  per  cent  of  that  of  the  generator) 
is  available. 
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Before  leaving  the  laboratory,  measure  the  resistance  of  the  armature. 
Report  requirements  are  similar  to  those  for  the  preceding  experiment. 

356,  Separation  of  Losses.  —  The  designer  of  electrical  machinery 
—  and  often  the  user  —  is  not  satisfied  to  know  the  sum  total  of  the 
losses,  but  desires  to  know  the  separate  component  losses,  as  shown  in 
Fig.  299.    The  same  losses  are  shown  in  the  following  table. 


Total 
loss 


(1)  Copper  loss 

(2)  Core  loss 

(3)  Mechanical 


J  Copper  loss  in  armature; 
(  Copper  loss  in  field. 

(  Hysteresis  loss; 
(  Eddy  current  loss. 

(  Bearing  friction; 
•<  Brush  friction; 
(  Windage. 


Fro.  300.    Brush  friction  separated  from  bearing  friction  and  windage. 

Knowledge  of  the  separate  losses  is  of  importance  for  the  following 
reasons: 

(a)  The  losses  and  their  dependency  on  the  load,  speed,  etc.,  deter- 
mine the  rating  of  the  machine  for  different  classes  of  service  (inter- 
mittent load,  variable  load,  constant  load,  etc.). 

(b)  The  magnitude  of  the  separate  losses  is  a  check  on  the  quality  of 
materials,  workmanship,  and  design. 

(c)  Knowing  the  values  of  the  principal  losses  the  designer  is  enabled 
to  vary  the  dimensions  of  the  machine,  still  keeping  its  efficiency  as 
high  as  competition  may  require,  and  preserving  reasonable  limits  of 
temperature  rise. 
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Of  the  three  kinds  of  losses,  only  those  mentioned  under  (2)  and 
(3)  need  to  be  discussed  here.  Copper  loss,  PR,  is  easily  calculated 
from  the  measured  resistances  of  the  windings. 

357.  Core  Loss  and  Mechanical  Losses.  —  Frictional  losses  (3) 


Fio.  801.    Carves  of  iron  loss  as  a  function  of  speed  and  of  exciting  current. 


depend  only  on  the  speed  of  the  machine,  and  may  be  plotted  as  in 
Fig.  300.  In  ordinary  practical  testing,  bearing  friction  is  never  sep- 
arated from  windage,  and  the  author  is  not  aware  of  any  simple  method 


Hysteresis  Loss 
(V— Field  Current) 


Speed 


Fig.  J 


Curves  of  »id  amperes,  fiftkNutign  of  speed  and  of  exciting  current. 

r     ,  .       . .        AStant  at  this  maximum  vahie,  graui*^.  , 

tardoing  this^^ximately  equal  gteps  tQ  itg  ,owest  ^have  the 

m  nngS       jjfrcsistaApe  int0  the  armature  circuit.     The  readings  (wvv 

eans  of  a  J£tion  f      *h    armature  PR)  will  give  directly  the  data  foi 
machine  mi£  .    „.\    0/^ 

^  curve  in  Fljjt  304. 
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Core  loss  depends  on  speed  and  on  field  current,  and  is  usually 
represented  by  a  set  of  curves,  as  shown  in  Fig.  301.  The  components 
of  the  core  loss  —  hysteresis  and  eddy  currents  —  are  shown  in  Pigs. 
302  and  303.  It  is  important  for  the  manufacturer  to  have  eddy 
currents  separated  from  the  hysteresis  loss.  A  high  hysteresis  loss 
means  that  the  iron  used  was  of  an  inferior  quality,  or  the  flux  density 
allowed  was  too  high;  high  eddy-current  loss  indicates  that  the  lami- 
nations are  too  thick,  or  not  sufficiently  insulated  from  each  other. 
Thus  the  remedy  is  quite  different  in  the  two  cases. 

The  sum  of  losses  (2)  and  (3),  or,  as  it  is  sometimes  called,  total  no- 


Eddx  Current  Loes 
(i  —  Field  Current) 


Fig.  303.     Curves  of  eddy-current  loss  as  a  function  of  speed  and  of 
exciting  current. 


load  loss  (Fig.  304),  is  determined  by  measuring  the  power  necessary 
for  driving  the  machine  at  no  load.  The  machine  may  be  driven 
either  electrically  as  a  motor,  or  mechanically  as  a  generator  (from  an 
auxiliary  motor),  or  the  kinetic  energy  of  the  machine  itself  is  utilized 
(retardation  method).  Afc  these  methods  are  used  according  to  the 
local  conditions,  and  all  are  applicable  for  separating  the  losses  in  either 
series,  shunt-  or  compound-woum^gpiigpiffff^taMi  motors;  *  wit 
some  changes  the  sanae^iiMhods  can  be  used  for'lbernating-currt 
mach  inesi^JJ%e*"3e  tai Is  of  these  three  methods  are  ISb1  ^ov,t 
The  separation  of  iron  loss  into  its  components   (p*      *|B2  wrf  31 

*  A  special   method   for  separating  iron   loss   from    frier 
described  in  §  370. 


»ou  in  J 


;  motor! 
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is  done  by  calculation,  on  the  basis  of  the  fact  that  hysteresis  and  eddy 
currents  vary  in  a  different  way  with  changes  in  speed  and  field  current 
(§  366). 

358,  EXPERIMENT  17-C.  — Separation  of  Losses  —  Machine 
Driven  Electrically.  —  The  purpose  of  the  experiment  is  to  separate 
the  total  losses  in  a  direct-current  generator  or  motor  into  the  com- 
ponents shown  in  Fig.  299.  The  machine  under  test  is  connected  up 
as  shown  in  Fig.  284  and  driven  electrically,  as  a  motor,  within  as  wide 
limits  of  field  current  and  speed  as  is  feasible.  The  machine  ought  first 
to  be  run  for  at  least  half  an  hour  at  a  high  speed  in  order  to  attain 


i  ■ 


Fig.  304.    Total  no-load  losses  as  a  function  of  speed  and  of  exciting  current. 


constant  friction  conditions.    Lubrication  must,  of  course,  be  maintained 
the  same  during  the  whole  test. 

(a)  Begin  the  test  with  the  strongest  field  current  possible  and  at 
maximum  speed  that  can  be  obtained  with  this  field  current,  —  i.e. 
at  full  voltage.  If  necessary,  the  pressure  at  the  armature  terminals 
can  be  raised  even  above  the  rated  voltage  of  the  machine.  Read 
armature  volts  and  amperes,  field  amperes  and  speed.  Then,  keeping 
field  current  constant  at  this  maximum  value,  gradually  reduce  the  speed 
by  6  or  8  approximately  equal  steps  to  its  lowest  possible  limit,  by 
introducing  resistance  into  the  armature  circuit.  The  readings  (with  a 
correction  for  tfie  armature  PR)  will  give  directly  the  data  for 
i*1  ^  Wt  UPPer  curve  in  Fi*\  304. 
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(6)  Repeat  similar  runs  with  smaller  values  of  the  field  current, 
corresponding  to  the  other  curves  on  the  same  sheet. 

The  two  lower  curves  cannot  in  this  case  be  determined  directly  from 
the  test,  since  the  machine  requires  some  appreciable  field  current  in 
order  to  run  as  a  motor.  The  friction  can  be  determined  by  calcu- 
lation, as  is  shown  in  the  next  article.  Also,  the  separation  of  the  brush 
friction  from  the  bearing  friction  and  windage  cannot  be  done  in  this 
case  as  accurately,  as  when  the  machine  is  driven  mechanically,  from 
an  auxiliary  motor.  This  is  because  at  least  two  of  the  brushes  must 
lie  on  the  commutator  when  the  machine  drives  itself  as  a  motor.  The 
only  possible  way  is  to  lift  up  part  of  the  brushes  and  from  the  decrease 
in  input  to  figure  out  what  would  be  the  reduction  in  power  if  all  the 
brushes  could  be  removed;  this  reduction  may  be  assumed  to  be  due 
to  brush  friction.  It  is  advisable  to  perform  this  test  with  a  low  field 
current,  since  in  this  case  the  friction  constitutes  a  larger  percentage  of 
total  losses. 

(c)  Measure  the  resistances  of  the  windings. 

(d)  If  necessary,  take  an  ampere-speed  curve,  or  an  excitation 
characteristic  (see  §  354). 

Report.  Plot  curves  shown  in  Fig.  304.  Separate  friction  from  iron 
loss  as  is  explained  in  §  359;  separate  hysteresis  loss  from  eddy  currents, 
as  shown  in  Fig.  308.  Do  this  at  least  for  the  normal  excitation  of  the 
machine;  though  preferably  for  all  the  curves  shown  in  Fig.  301,  so  as 
to  show  the  influence  of  the  field  current  on  the  value  of  iron  losses. 
Plot  all  the  losses  at  the  normal  field  current  of  the  machine  to  speed 
as  abscissae  (Fig.  299)  and  figure  out  the  efficiency  at  full  load  and  at  the 
rated  speed,  for  the  machine  running  as  generator  and  as  motor. 

I  359.  Separation  of  Friction  from  Iron  Loss  by  Calculation.— 
It  is  mentioned  in  the  previous  article  that  when  the  curves,  shown  in 
Fig.  304,  are  obtained  by  driving  the  machine  electrically,  as  a  motor, 
it  is  impossible  to  obtain  friction  alone  from  test.  This  is  due  to  the 
fact  that  the  machine  must  have  some  field  excitation  to  run  as  a  motor, 
so  that  some  iron  loss  is  necessarily  present;  the  friction  curve  in  this 
case  is  determined  by  calculation.  This  is  done  by  applying  the  self- 
evident  principle  that  the  friction  loss  is  the  limit  towards  which  the  total 
loss  is  tending  when  the  excitation  is  being  reduced  to  zero;  the  speed 
being  kept  constant.     In  order  to  make  use  of  this  principle,  the  curves 

-of  total  loss  in  Fig.  304  are  replotted,  as  shown  in  Fig.  305,  to  volts  at 
the  armature  terminals  as  abscissae,  each  curve  referring  to  a  certain 
constant  speed.  With  the  machine  running  at  nc  load,  volts  at  the 
armature  terminals  are  practically  equal  to  the  w  xmnter-e.m.f .  of  the 
machine  (§  329).    These  curves  are  then  produ;ed  to  the  axis  of  ordi- 
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nates  as  shown  by  dotted  lines;  the  intercepts  give  the  values  of  friction 
for  the  corresponding  speed.  Plotting  these  values  of  friction  against 
speed  as  abscissae  (Fig.  304)   the  required  friction  curve  is   obtained. 

This  method  becomes  clear  upon  consideration  of  the  evident  fact 
that  the  machine  being  under  motion,  the  armature  volts  (counter- 
e.m.f.)  can  become  zero  only  when  the  field  has  a  zero  value.  With 
zero  field  there  can  of  course  be  no  iron  loss,  and  the  whole  loss  consists 
of  friction  alone. 

The  dotted  parts  of  the  curves  in  Fig.  305  are  produced  either  empir- 


Arm.  Volts 


Fig.  305.    Extrapolation  of  the  total-loss  curves  in  order  to  separate  friction 
from  the  iron  Ions. 


ically,  or  theoretically,  since  they  are   practically  parts  of   parabolae. 
The  general  equation  of  the  curves  is 


ir 


F  +  kE2, 


(5) 


where  W  is  total  loss,  F  is  the  friction  loss,  and  E  —  the  voltage  at  the 
armature  terminals;  A:  is  a  constant  the  numerical  value  of  which  does 
not  enter  into  the  calculations.  This  equation  is  deduced  as  follows: 
Each  curve  refers  to  a  particular  speed;  therefore  the  friction  loss  is 
constant  for  each  curve.  The  hysteresis  loss  increases  somewhat  slower 
than  the  square  of  the  flux  (Steinmet  z's  B1-6) ;  eddy-current  loss  increases 
;*s  the  square  of  the  flux.     With  a  constant  speed  the  flux  is  propor- 
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tional  to  the  voltage;  thus  the  iron  loss  can  be  assumed  as  approxi- 
mately proportional  to  E2.  Thus  the  above  equation  becomes  obvious. 
Writing  it  for  two  points  on  the  curve,  we  have 

Wx  =  F  +  k  E? 
W2  =  F  +  k  Ef 
whence 

"•■-"'*  ft) ! 

F- (6) 

-(-fr)8 

This  value  of  F  gives  the  point  at  which  the  curve  meets  the  axis  of 
ordinates. 

360.  EXPERIMENT  1 7-D.  —  Separation  of  Losses— Machine 
Driven  Mechanically.  —  The  purpose  of  the  experiment  is  to  sepa- 
rate the  total  losses  in  a  direct-current  generator  or  motor  into  the 
components  shown  in  Fig.  299.  The  machine  under  test  is  belted  or 
direct-connected  to  an  auxiliary  motor  and  driven  at  no  load,  at  various 
speeds,  with  varying  field  excitation.  The  scheme  of  connections  is 
shown  in  Fig.  298;  both  machines  should  be  separately  excited  in 
order  not  to  introduce  into  the  calculations  the  power  lost  in  the  fields. 
The  input  IE  into  the  armature  of  the  driving  motor  represents  the 
sum  of  iron  loss  and  friction  in  both  machines,  less  a  small  correction 
for  PR  loss  in  the  motor  armature  itself. 

(a)  The  machines  should  first  be  run  for  at  least  30  minutes  at  a 
high  speed  in  order  to  warm  up  the  bearings  and  produce  a  constant 
friction.  Then  the  machine  under  test  is  excited  to  its  highest  possible 
value,  and  the  speed  raised  to  its  highest  safe  limit.  Read  all  the 
instruments,  as  shown  in  Fig.  298,  and  also  the  speed  of  the  set.  Then 
gradually  reduce  the  speed,  either  by  increasing  the  motor  field  current  ^ 
or  by  cutting  some  resistance  into  its  armature  circuit;*  both  methods 
can  be  used  simultaneously  if  preferred.  The  field  current  of  the 
machine  under  test  must  be  kept  constant  during  each  run,  the  same 
readings  being  taken  for  several  speeds.  This  test  corresponds  to 
the  upper  curve  in  Fig.  304,  except  that  the  losses  in  the  driving  motor 
must  first  be  subtracted  from  the  volt-ampere  input  into  its  armature, 
as  is  explained  at  the  end  of  §  353. 

(6)   The  same  run  should  be  repeated  with  lower  values  of  the  field 
current  in  the  machine  under  test,  until  a  sufficient  number  of  curves 

*  This  latter  method  is  preferred  by  many,  since  it  is  simpler  to  correct  data  for 
the  variable  losses  in  the  driving  motor,  if  its  field  has  been  maintained  constant. 
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is  obtained  (five  or  six).     The  last  curve  is  that  with  the  field  circuit 
opened  and  corresponds  to  the  fractional  loss  alone. 

(c)  After  this,  the  brushes  should  be  lifted  from  the  commutator,  so 
as  to  eliminate  their  friction;  the  difference  in  the  input  with  the 
brushes  lt  down  "  and  "  up  "  gives  the  value  of  the  brush  friction.  If 
the  machine  has  several  pairs  of  brushes  it  is  advisable  to  lift  them  up  in 
pairs,  to  check  the  fact  that  the  friction  is  reduced  in  proportion  to 
the  number  of  brushes  removed. 

(d)  Finally  the  belt  should  be  taken  off  and  the  driving  motor  run 


Time  (Secondb) 


Fig.  800.     Retardation  or  time-speed  curves  for  various  values  of 
the  field  current. 


alone  at  the  same  speeds  and  with  the  same  values  of  exciting  current 
as  before,  in  order  to  determine  its  own  losses.  The  loss  in  the  belt  can 
be  only  roughly  estimated.  The  arrangement  must  be  such  as  to  make 
this  loss  as  small  as  possible.  Under  normal  conditions  it  may  be 
assumed  to  be  equal  to  2  per  cent  of  the  power  transmitted. 

(e)  Measure  armature  resistances  of  both  machines,  and  if  necessary 
take  ampere-speed  curves,  or  an  excitation  characteristic  (see  Exp. 
17-A,  §  354). 

Report.  The  requirements  are  the  same  as  in  §  358,  except  that  the 
iron  loss  is  separated  from  the  total  loss  directly,  by  using,  the  experi- 
mentally determined  friction  curve.  ** 
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RETARDATION    METHOD. 

361.  —  Instead  of  driving  a  machine  electrically  or  mechanically 
for  separating  the  losses,  it  may  be  brought  up  to  the  highest  safe  speed, 
and  the  power  shut  off;  the  machine  then  gradually  slows  down  to  a 
standstill,  overcoming  the  losses  by  its  stored  kinetic  energy.  While 
it  is  slowing  down,  instantaneous  values  of  speed  are  read  every  few 
seconds.  Such  runs  are  made  with  various  values  of  field  current,  and 
the  results  plotted  as  speed-time  or  retardation  curves  (Fig.  306). 

The  form  of  these  curves  depends  on  the  relative  magnitude  of  iron 
loss  and  the  friction,  and  on  their  variation  with  speed.  A  method  is 
given  in  §  363  for  converting  these  curves,  by  calculation,  into  those 
shown  in  Fig.  304;  subsequently  the  losses  can  be  separated,  as  already 
explained. 

This  method  is  more  applicable  to  large  machines,  in  which  the  stored 
energy  of  the  armature  is  sufficient  to  maintain  the  rotation  during 
a  comparatively  long  time  (several  minutes),  so  that  instantaneous 
speeds  can  be  taken  with  considerable  accuracy.  If  the  machine  has 
been  brought  up  to  speed  mechanically,  by  an  auxiliary  motor,  the  belt 
is  thrown  off;  if  it  was  speeded  up  electrically,  the  armature  circuit  is 
broken. 

362.  Measuring  Instantaneous  Speeds.  —  The  principal  difficulty 
in  performing  a  retardation  test  lies  in  the  accurate  measurement  of 
speed;  otherwise  the  method  is  simple  and  reliable,  especially  with  large 
machines.  Several  methods  are  used  for  measuring  instantaneous 
speeds: 

(1)  A  small  magneto,  belted  to  the  machine  and  connected  to  a  sensi- 
tive voltmeter,  is  probably  the  best  device  for  the  purpose  unless  a 
special  recording  tachometer  is  available. 

(2)  An  ordinary  speed-counter  may  also  be  used  to  record  total 
number  of  revolutions  from  the  moment  at  which  the  connection  to 
the  external  power  was  broken.  This  speed-eounter  is  read  every  two  or 
three  seconds  without  stopping  it;  the  difference  of  each  two  consecu- 
tive readings  gives  the  total  number  of  revolutions  during  these  two  or 
three  seconds.  From  these  the  average  speed  corresponding  to  the 
middle  of  this  time  period  can  be  determined. 

(3)  Still  another  method  is  to  leave  the  voltmeter  across  the  arma- 
ture terminals,  and  to  read  volts  every  two  or  three  seconds.  If  the 
field  current  is  kept  absolutely  constant,  the  volts  are  exactly  propor- 
tional to  the  speed.  Before  breaking  the  connections  to  the  source  of 
external  power,  the  coefficient  between  the  speed  and  the  voltage  must 
be  determined,  so  as  to  be  able  to  convert  the  observed  time-voltage 
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curve  into  a  time-speed  curve.  This  method  is  not  very  applicable 
for  the  run  with  the  fields  opened,  unless  a  low-reading  voltmeter  is 
used,  the  speed  being  measured  by  the  voltage  induced  by  the  residual 
magnetism.  If  this  is  not  practicable,  one  of  the  two  other  above- 
mentioned  methods  for  measuring  speed  can  be  used  for  this  run. 

(4)  It  is  important  to  measure  accurately  the  speed  during  the  first 
part  of  the  retardation  curves,  just  after  the  power  is  shut  off,  because 
the  values  of  the  losses  are  usually  desired  at  these  speeds.  Sumpner's 
differential  voltmeter  method  is  convenient  for  the  purpose.  The 
machine  is  speeded  up  as  a  motor,  and  the  armature  circuit  is  opened 
on  one  side  of  the  line  only,  by  a  single-pole  switch.    A  low-scale  direct- 
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Fig.  307.     Analysis  of  a  retardation  curve. 


current  voltmeter  is  connected  across  the  switch  terminals  and  shows 
practically  zero,  as  long  as  the  switch  is  closed.  When  the  switch  is 
opened  and  the  motor  slows  down,  the  voltmeter  measures  the  difference 
between  the  line  voltage  and  the  e.m.f.  induced  in  the  motor. 

The  line  voltage  being  constant,  and  the  induced  e.m.f.  proportional 
to  instantaneous  speeds,  voltmeter  readings  are  proportional  to  the 
drop  in  speed.  When  the  end  of  the  scale  is  reached,  the  switch  is 
closed,  and  the  motor  speeded  up  again  for  the  next  retardation  run. 

363.  Theory  of  the  Retardation  Method.  —  The  energy  stored  in 
the  armature  at  a  certain  speed,  n  =  BA  (Fig.  307),  is  \  Oa2,  where  6  is 
the  moment  of  inertia  of  the  revolving  part,  and  a  is  its  angular  velocity. 
The  latter  is  proportional  to  the  speed  n  expressed  in  r.p.m.,  so  that  the 
stored  energy  can  be  also  represented  in  the  form  J  Cn2,  where  C  is  a 
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certain  constant  proportional  to  the  moment  of  inertia  of  the  revolving 
part. 

If  W  is  the  value  of  the  total  losses  (iron  loss  and  friction)  correspond- 
ing  to  this  speed,  we  have  the  relation 

-*(<£)-*.* (7) 

which  expresses,  that  the  decrease  in  kinetic  energy  during  an  infinitesi- 
mal interval  of  time  dt  is  equal  to  the  work  performed  by  the  armature 
in  overcoming  the  losses  W  during  the  same  interval.  Differentiating, 
we  obtain: 

—  Cndn  ^W  .dt 
or 

W  =  -C.n^L (8) 

at 

It  is  shown  below  that  ndn/dt  is  numerically  equal  to  the  length  of  the 
subnormal  BD  (Fig.  307)  to  the  curve  showing  the  relation  of  n  to  /t 
which  is  the  retardation  curve  for  the  machine  tested.  Thus  we  obtain 
the  relation: 

W  -  C.  BD (9) 

or,  instantaneous  total  loss  W  is  proportional  to  the  length  of  the  subnormal 
to  the  retardation  curve. 

Proof  that  —  ndn/dt  =  BD.  The  ratio  —  dn/dt  is  the  trigonometri- 
cal tangent  of  the  angle  ACB,  the  line  AC  being  tangent  to  the  retar- 
dation curve  at  the  point  A.  If  -AD  is  normal  to  the  curve,  the  angle 
DAB  is  equal  to  the  angle  ACB.     From  the  triangle  DAB  we  have 

DB  =  AB.  tan  DAB  -  -  n.  ~ 

dt 

which  proves  the  above  proposition.  The  sign  "minus"  is  necessary 
because  dn  is  negative  (speed  decreases  with  time),  while  DB  is  positive. 

The  shape  of  the  revolving  part  of  an  electric  machine  is  too  com- 
plicated to  allow  its  moment  of  inertia  G  to  be  calculated  with  sufficient 
accuracy;  therefore  G,  or  the  constant  C  which  is  proportional  to  it,  is 
eliminated  by  performing  an  additional  experiment,  as  is  explained  in 
the  next  article. 

Thus  curves  shown  in  Fig.  306  are  reduced  to  those  in  Fig.  304  by 
drawing  normals  and  measuring  the  corresponding  subnormals,  which, 
to  a  Certain  scale,  represent  iron  loss  -f  friction.  *  Some  error  is  intro- 
duced by  the  uncertainty  of  the  exact  direction  of  the  normal,  but 
with  reasonable  care,  reliable  results  are  obtained.    The  simplest  way 
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of  drawing  normals  is  to  take  two  points,  A\  and  A2  (Fig.  307)  at  small 
equal  distances  from  A  and  to  draw  AD  perpendicular  to  A\A2.  Some 
prefer  analytical  methods,  of  calculating  W,  to  drawing  tangents  and 
normals.  Writing  the  equation  (7)  for  the  finite  period  of  time  between 
the  points  A\  and  A2,  we  get 

i  C(m*  -  n22)  -  W  (t2  -  h) (10) 

from  which  W  may  be  calculated  and  assumed  to  represent  the  losses 
at  the  point  A,  for  the  moment  of  time  \(t\  -f  t2). 

After  the  retardation  curves,  shown  in  Fig.  306,  have  been  reduced 
to  those  in  Fig.  304,  the  separation  of  hysteresis  from  eddy  currents  is 
done  as  in  §§  366  to  368. 

364.  Elimination  of  Moment  of  Inertia  of  Revolving  Part.  — 
The  constant  C,  which  enters  into  the  preceding  formula,  and  which  is 
proportional  to  the  moment  of  inertia  of  the  revolving  part  of  the 
machine,  may  be  eliminated  by  two  methods: 

(1)  The  value  of  the  loss  W  is  determined  for  one  point,  by  an 
independent  method; 

(2)  The  amount  of  loss  W  is  changed  by  a  known  amount. 

According  to  the  first  method  the  machine  under  test  is  driven  elec- 
trically or  mechanically  at  a  certain  speed  n,  and  with  a  certain  field 
current,  the  value  of  total  loss  W  being  determined  from  the  amount  of 
power  input  into  the  armature.  Then  the  subnormal  DB  is  measured  at 
a  point  corresponding  to  the  same  speed  n  and  the  same  field  excitation. 
This  gives  directly  the  scale  for  W,  since  W  =  C  X  BD.  If,  for 
instance,  W  was  determined  to  be  600  watts,  and  DB  =  2.5  cm.,  the 
scale  is  600  •*■  2.5,  or  240  watts  loss  per  1  cm.  length  of  subnormal. 

According  to  the  second  method,  an  extra  retardation  run  is  taken 
with  a  known  additional  load  w  put  on  the  machine.     Then  we  have 

W  =  C . BD      \ 
W  +  w=  C  .BXDX    | 

where  B\Di  is  the  subnormal  to  the  new  retardation  curve.     Elimi-/ 
nating  W,  we  get: 

c'B^rB5 <"> 

The  load  w  may  be  obtained,  either  by  closing  the  armature  on  a 
resistance  and  keeping  the  output  constant  with  a  wattmeter;  or  by 
applying  a  Prony  brake  with  a  definite  torque.  With  either  method 
w  can  be  kept  constant  through  a  limited  range  of  speed  only.  This 
is  sufficient,  however,  as  only  one  point  on  the  curve  is  necessary. 
Sumpner's  differential  method  for  measuring  speed  (§  362)  is  quite 
convenient  for  the  purpose. 
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365.  EXPERIMENT  17-E.— Separation  of  Losses  by  the  Re- 
tardation Method. —  (a)  Have  the  machine  wired  so  as  to  be  able  to 
bring  it  up  to  speed  either  electrically  or  mechanically;  run  themac  hine 
for  about  thirty  minutes,  to  attain  steady  conditions  of  lubrication. 
Bring  it  up  to  the  highest  safe  speed,  measure  this  speed,  and  then  sud- 
denly open  the  circuit  (both  armature  and  field),  allowing  the  machine  to 
slow  down  to  a  standstill.  Measure  instantaneous  retardation  speeds, 
by  one  of  the  methods  described  in  §  362.  Repeat  the  run  several 
times  until  you  have  learned  to  read  speeds  quickly;  a  metronome  is  of 
assistance  in  this  work. 

(6)  Bring  the  machine  up  to  speed  again,  and  simultaneously  with 
opening  the  circuit  lift  up  the  brushes,  taking  a  retardation  curve  without 
brush  friction.  Repeat  this  run  several  times  until  you  get  reliable  results. 

The  armature  circuit  can  be  most  conveniently  opened  by  a  circuit- 
breaker;  in  breaking  the  field  circuit  special  precautions  must  be  taken 
in  view  of  the  high  inductance  of  the  field  windings.  It  is  well  to  pro- 
vide a  special  field-discharge  switch,  which?  in  opening  the  main  circuit 
closes  the  field  winding  upon  itself,  through  a  suitable  resistance.  In 
this  way  an  easy  path  is  offered  for  the  inductive  kick,  and  the  danger 
of  breaking  down  the  insulation  is  minimized. 

(c)  After  this  jnake  several  retardation  runs,  leaving  the  field  circuit 
closed,  and  opening  only  the  armature  circuit.  The  value  of  the  field 
current  at  which  the  machine  is  slowing  down  does  not  necessarily  need 
to  be  the  same  as  in  speeding  up.  Before  starting  the  machine  mark 
on  the  field  rheostat  the  notch  on  which  you  desire  to  keep  the  current 
during  retardation;  speed  up  the  machine  at  any  convenient  field 
current,  and  simultaneously  with  breaking  the  armature  connection, 
quickly  move  the  field  rheostat  handle  to  the  position  marked.  Make 
runs  with  five  or  six  values  of  the  exciting  current. 

(d)  To  determine  the  constant  C  of  the  revolving  part  use  either 
method  described  in  §  364  With  the  first  method,  take  a  total-loss 
curve  by  driving  the  machine  as  a  motor  and  measuring  the  input  into 
the  armature.  Take  this  curve  very  Carefully;  keep  the  field  current  at 
exactly  the  same  value  as  in  one  of  the  retardation  curves,  and  vary 
speed  within  as  wide  limits  as  possible  by  varying  the  impressed  voltage. 
With  the  second  method  connect  a  comparatively  high  resistance  across 
the  armature  terminals,  and  have  a  wattmeter  in  the  circuit,  or  at  least 
an  ammeter  and  a  voltmeter,  for  keeping  watts  delivered  to  this 
resistance  constant.  Take  two  special  retardation  runs  with  the  same 
field  current;  keep  the  resistance  closed  in  one  run  and  open  in  the  other. 
Read  the  speeds  only  as  far  as  the  power  in  the  resistance  can  be  kept 
constant. 
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(e)  Before  leaving  the  laboratory  measure  the  resistance  of  the 
armature  winding. 

Report.  Plot  the  observed  retardation  curves  (Fig.  306),  and 
calculate  C  as  in  §  364.  Convert  the  retardation  curves  into  the  loss 
curves  shown  in  Fig.  304,  according  to  the  directions  given  in  §  363. 
The  rest  of  the^requirements  are  the  same  as  in  f  358. 

SEPARATION    OF   HYSTERESIS    AND   EDDY-CURRENT    LOSSES. 

366.  The  curves  shown  in  Fig.  304  give  total  losses  and  friction  loss 
for  various  speeds  and  field  currents.  Subtracting  friction  loss  from  total 
loss  gives  core  losses  (hysteresis  and  eddy  currents)  for  various  speeds 
and  values  of  the  exciting  current  (Fig.  307),  The  next  step  is  to 
separate  hysteresis  loss  from  eddy  currents.  This  is  done  on  the  basis  of 
the.fact  that  with  a  given  excitation,  hysteresis  loss  is  proportional  to  the 
speed,  while  eddy-current  loss  increases  as  the  square  of  the  speed.  The 
reason  for  this  is  as  follows  (see  also  §§  188  and  189): 

Hysteresis  loss  per  second  is  proportional  to  the  number  of  cycles  of 
magnetization  of  the  armature  iron,  and  this  number  of  cycles  is,  equal 
to  the  number  of  times  each  piece  of  the  armature  passes  by  the  poles 
of  the  machine,  or,  in  other  words,  it  is  proportional  to  its  speed.  Eddy 
currents  are  induced  currents,  and,  as  such,  are  proportional  to  the  speed 
of  the  machine;  but  the  energy  loss  is  proportional  to  the  square  of  the 
current  (PR);  therefore,  eddy-current  loss  is  proportional  to  the  square 
of  the  speed. 

Thus,  at  a  certain  speed  of  n  revolutions  per  minute, 

total  iron  loss  P  =  Hn  +  Fri*    .    .    .    .     (12) 

where  H  and  F  are  two  constants  characterizing  hysteresis  and  eddy- 
(Foucault)  current  losses  respectively. 

This  equation  can  be  used  for  the  separation  of  the  losses  in  two 
ways:  purely  analytical  and  graphico-apalytical;  both  solutions  are 
given  below.  ]/ 

367.  Analytical  Separation. — Select  one  of  the  curves  in  Fig.  301 
and  apply  the  above  equation  (lj^  to  two  points  taken  sufficiently  far 
apart  and  corresponding  to  two  values  of  speed,  nx  and  n2: 

Px  -  Hnx  +  Fm*  ; 
P2  =  Hn2  +  Fn22. 

These  equations  can  be  easily  solved  for  H  and  F.  After  this  is  done 
the  straight  line  Hn  representing  the  hysteresis  loss  (Fig.  302)  can  be 
plotted,  as  well  as  the  parabola  Fn2,  giving  the  eddy-current  loss  (Fig. 
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303).  The  same  procedure  is  then  repeated  for  other  curves  in  Fig.  301, 
and  in  this  way  hysteresis  separated  from  eddy  currents,  for  all  con- 
ditions under  which  the  machine  may  operate. 

The  disadvantage  of  this  purely  analytical  method  is  that  in  select- 
ing two  points  on  a  curve  an  assumption  is  made  that  these  points  are 
absolutely  correct;  in  other  words,  that  any  two  other  points  on  the 
same  curve  would  give  exactly  the  same  values  for  H  and  F.  In 
reality,  the  values  of  H  and  F  vary  somewhat  for  different  points 
selected  on  a  curve.  This  means  a  tedious  process  of  calculating  H 
and  F  for  several  combinations  of  points  and  taking  average  values. 


C 
Fig 
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308.    Graph  i co-analytical  method  for  separating  hysteresis  from 
eddy  currents. 


The  graphico-analytical  method  permits  of  taking  simultaneously  into 
account  as  many  points  on  a  curve  as  desired;  in  this  manner  the  most 
probable  values  of  the  separated  losses  are  obtained  in  a  simpler  way. 
v     368.   Graphico-Analytical  Separation.  —  Equation    (12)  may  be 

written  in  the  form 

P  -  IE  =  IKn  -  Hn  +  Fn2, 

where  K  is  a  constant,  since  with  a  constant  excitation  the  e.m.f.  E  of 
the  motor  is  proportional  to  its  speed ;  /  is  that  part  of  the  total  armature 
current  which  is  spent  in  overcoming  hysteresis  and  eddy  currents. 
Dividing  both  sides  of  this  equation  by  n,  we  get 

KI  =  H  +.  Fn. 

This  is  the  equation  of  a  straight  line  between  the  current  /  and  the  speed 
n.     A  line  DC  of  this  kind  is  shown  in  Fig.  308.     By  producing  it  to 
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the  axis  of  ordinates,  a  horizontal  line  AB  is  obtained,  which  sub- 
divides the  ordinates  of  DC  into  the  constant  part  M  N  =  Hf  corre- 
sponding to  hysteresis  loss,  and  the  part  NP  =  Fn,  proportional  to  the 
speed,  and  corresponding  to  eddy  currents. 

Each  of  these  being  multiplied  by  the  voltage  corresponding  to  the 
same  speed  and  the  same  field  current  (ordinates  of  the  line  OE)  gives 
the  corresponding  loss  in  watts.  This  completes  the  separation  of 
magnetic  losses. 

An  example  will  make  this  graphico-analytical  method  clearer. 
Let  the  iron-loss  curve  corresponding  to  2  amperes  field  current  (Fig. 
301)  be  determined  by  the  data  given  in  the  first  two  columns  in  the  table 
below;  the  third  column  gives  the  corresponding  armature  volts,  as 
shown  by  the  curve  OE  in  Fig.  308.  Dividing  watts  by  volts  gives 
amperes  iron  loss  (column  4);  these  values  plotted  against  the  speed 
give  the  straight  linG  DC.    This  line  is  produced  to  the  axis  of  ordinates, 
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Speed  (r.  p.  m.) 

Iron  Loss 
Watts. 

k  Arm.  Volts. 

Current 
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Watts. 

Eddy  Current 
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1800 
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720 

860 
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855 

480 

195 

250 
200 
150 
100 
50 

7.5 
6.6 

6.7 
4.8 
3.9 

750 
600 
450 
300 
160 

1125 

720 

405 

180 

45 

Field  current  —  2  amp. 

and  the  part  OA  corresponding  to  hysteresis  loss  is  found  to  be  equal 
to  3  amperes.  Multiplying  this  by  the  volts  given  in  column  2,  watts 
hysteresis  loss  is  obtained  (column  5).  This  loss,  subtracted  from  total 
iron  loss  (column  2),  gives  eddy-current  loss,  (column  6).  The  data 
thus  obtained  are  plotted  as  in  Figs.  302  and  303. 

369.  Effect  of  Armature  Reaction  on  Iron  Loss.  —  Armature 
reaction  (§  147)  affects  not  only  the  speed  of  a  motor,  or  the  generator 
voltage,  but  the  iron  loss  as  well.  The  armature  reacts  on  the  field  so 
as  to  weaken  or  to  strengthen  it,  and  moreover  distorts  it,  making  it 
stronger  at  one  end  of  the  pole-piece  and  weaker  at  the  opposite  end. 
Thus,  with  the  same  field  current,  the  actual  magnetic  flux  is  different  in  a 
loaded  machine  from  that  at  no  load;  this  naturally  affects  the  iron  loss, 
which  depends  on  the.  flux  density  in  different  parts  of  the  magnetic 
circuit.  The  practical  result  is  that  the  actual  efficiency  of  a  machine 
under  load  is  somewhat  lower  than  that  calculated  from  the  losses. 
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A  good  deal  has  been  written  on  the  subject  of  the  increase  of  iron 
loss  with  the  load  (zusdtzliche  Verluste,  additional  losses),  but  as  no 
simple  practical  rules  are  available  for  taking  this  additional  iron  loss 
into  account,  it  is  usually  left  without  consideration.  The  error  com- 
mitted is  very  small  unless  the  machine  is  of  a  very  poor  design,  and  the 
armature  reaction  has  abnormal  proportions.  Compensating  poles 
for  neutralizing  armature  reaction  (Fig.  292)  are  coming  more  and 
more  into  use;  in  such  machines  the  iron  loss  is  the  same  at  no  load  as 
with  a  load,  and  no  correction  is  necessary. 

370.  Separation  of  Losses  in  Series  Motors.  —  The  determination 
of  iron  loss  and  friction  in  shunt-wound  motors  is  simplified  by  the  fact 
that  the  speed,  with  a  given  field  excitation,  is  nearly  constant,  and  the 
losses  are  approximately  the  same  at  no  load  as  at  any  other  load.  It 
is  entirely  different  with  a  series  motor:  here  the  speed  at  no  load  is 
many  times  higher  than  at  full  load;  moreover,  the  field  strength,  and 
consequently  the  iron  loss,  depend  on  the  speed  and  on  the  load,  and 
these  vary  within  wide  limits.  Therefore,  the  results  obtained  by  run- 
ning a  series  motor  at  no  load  are  of  no  use  at  any  other  load. 

This  can  be  remedied  by  separately  exciting  the  motor  and  varying 
its  field  strength  independently  of  the  speed,  which  latter  is  regulated 
by  a  rheostat  in  the  armature  circuit.  By  this  method  the  series  motor 
is  really  converted  into  a  shunt  motor,  and  iron  loss  and  friction  can  be 
determined  as  explained  above.  The  method  can  be  somewhat  modi- 
fied, so  as  to  make  it  more  adapted  for  series  motor,  as  follows:  Two 
series  of  runs  are  made  at  no  load;  one  for  determining  iron  loss  and 
friction  together;  another  in  which  iron  loss  is  negligible;  in  this  way 
iron  loss  is  separated  from  the  frictional  losses. 

For  the  first  series  of  runs  the  armature  of  the  motor  is  connected  in 
series  with  the  fields  as  in  actual  operation,  but  is  shunted  around  by  a 
variable  resistance.  A  suitable  regulating  rheostat  is  also  inserted  into 
the  main  circuit.  In  this  way  the  field  and  the  armature  currents  can 
be  regulated  at  will  either  together  or  separately.  The  motor  is  run  at 
no  load,  so  that  the  input  into  the  armature  represents,  as  before,  the 
sum  of  iron  loss  and  friction.  Having  a  resistance  in  parallel  with  the 
armature  permits  of  having  a  strong  field  even  with  a  small  armature 
current;  in  this  way  the  speed  of  the  series  motor  is  kept  within  reason- 
able limits  at  no  load  even  with  the  normal  voltage. 

These  losses  depend  on  two  independent  variables:  field  current  and 
speed.  As  the  speed  with  a  given  field  is  proportional  to  the  voltage 
at  the  armature  terminals,  it  may  be  said  that'  iron  loss  and  friction 
depend  on  the  field  current  and  the  voltage  at  the  armature  terminals. 
In  order  to  plot  curves,  one  of  the  variables  must  be  kept  constant  during 
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each  run.  It  is  convenient  to  keep  the  armature  voltage  constant  for 
each  curve,  and  to  vary  the  field  current  by  means  of  the  two  above- 
mentioned  rheostats.  Several  curves  should  be  taken  within  as  wide 
limits  of  armature  voltages  and  field  currents  as  possible. 

The  second  series  of  run  is  intended  to  give  a  curve  of  friction  alone; 
this  is  done  by  simply  connecting  the  armature  and  the  field  of  the  motor 
in  series  and  running  the  machine  at  no  load.  The  terminal  voltage 
must  be  kept  sufficiently  low;  otherwise  the  motor  will  run  away.  The 
motor  takes  very  little  current  when  running  at  no  load;  therefore  its 
field  is  so  weak  that  iron  loss  can  be  neglected  and  the  whole  input  into 
the  armature  assumed  to  be  equal  to  the  friction  loss.  Note  that  this 
is  not  so  with  shunt  motors,  because  there  the  field  has  its  full  value  at 
no  load  as  well  as  at  any  other  load,  and  iron  loss  is  not  negligible  under 
any  circumstances. 

Subtracting  the  values  of  friction  obtained  from  this  curve  from  the 
ordinates  of  the  curves  previously  taken,  curves  can  be  plotted  giving 
iron  loss  separately  as  a  function  of  speed  and  field  excitation. 

The  first  series  of  runs  gives  not  only  the  total  losses,  but  also 
ampere-speed  curves  corresponding  to  various  terminal  voltages.  For 
the  latter  curves,  the  current  in  the  field  winding  is  determining,  since 
part  of  the  armature  current  is  shunted  around.  The  voltages  during 
the  test  are  measured  across  the  armature;  in  order  to  refer  the  curves 
to  terminal  voltages,  due  allowance  must  be  made  for  the  ohmic  drop 
in  the  armature  and  the  field. 

For  some  further  details  of  this  method  and  sample  curves,  see  Elec- 
tric Clvb  Journal  1904,  pp.  170-174. 

371.  EXPERIMENT  1 7-F.— Efficiency  of  a  Series  Motor 
from  its  Losses.  —  The  machine  is  wired  up  as  a  regular  series  motor 
(Fig.  285)  and  a  variable  resistance  is  shunted  across  the  brushes.  The 
resistance  shown  in  the  diagram  in  series  with  the  field  is  used  for 
regulating  the  main  current.  Have  an  ammeter  in  the  main  circuit, 
another  in  the  armature  circuit,  and  a  voltmeter  across  the  brushes.. 
Run  the  motor  at  a  high  speed  for  at  least  30  minutes  to  warm  up  the 
bearings. 

(a)  For  the  first  series  of  runs  (iron  loss  +  friction)  shunt  the 
armature  so  that  the  greater  part  of  the  current  passes  around  it.  Keep 
the  field  current  large  enough  so  that  the  motor  will  not  run  away, 
and  gradually  cut  the  resistance  out  of  the  main  circuit,  if  possible 
altogether.  Adjust  the  conditions  so  as  to  have  full  rated  voltage  or 
more  across  the  terminals  of  the  motor,  and  a  current  in  the  field  of  a 
value  about  25  per  cent  above  the  rated  current  of  the  motor.    Read 
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field    amperes,   armature   amperes,    volts   across   the   armature  and 
speed. 

Gradually  reduce  the  current  in  the  shunting  resistance,  at  the  same 
time  regulating  the  main  rheostat  to  keep  a  constant  voltage  across  the 
brushes.  Reduce  the  currents  until  the  upper  safe  limit  of  speed  is 
attained.  Repeat  similar  runs  with  the  terminal  voltage  equal  to  80 
per  cent,  60  per  cent,  etc.,  of  the  rated  voltage. 

(b)  For  the  second  series  of  runs  (friction  alone)  remove  the  shunt- 
ing resistance,  and  run  the  motor  light  throughout  the  possible  range 
of  speeds.  A  considerable  resistance  must  be  kept  all  the  time  in  the 
main  circuit  to  prevent  the  motor  from  running  away.  Take  readings 
of  amperes,  volts  and  speed. 

(c)  Measure  the  resistances  of  the  armature  and  of  the  field  wind- 
ings. 

Report.  (1)  Plot  watts  input  into  the  armature  (iron  loss  + 
friction)  to  speed  as  abscissae,  each  curve  referring  to  a  constant  voltage. 

(23  Plot,  on  the  same  curve  sheet,  field  amperes  vs.  speed,  each  curve 
for  a  constant  voltage. 

(3)  Plot,  on  the  same  sheet,  watts  friction  loss  to  speed  as  absciss*. 

(4)  Subtract  friction  loss  from  the  curves  (1),  and  plot  curves  of  iron 
loss  separately  to  armature  volts  as  abscissae,  each  curve  for  constant 
amperes. 

(5)  Correct  one  of  the  curves  (2)  to  represent  the  true  ampere-speed 
curve  at  the  rated  voltage. 

(6)  Show,  with  a  numerical  example,  how  to  use  the  above  curves 
for  calculating  efficiency,  torque  and  output  of  the  motor  at  a  certain 
current  and  at  the  rated  voltage. 


CHAPTER   XVIII. 
DIRECT-CURRENT  MACHINERY  —OPPOSITION   RUNS. 

372.  Tests  for  determining  the  efficiency,  voltage  regulation,  and 
temperature  rise  in  electric  generators  and  motors,  without  the  expendi- 
ture of  much  energy,  may  be  conveniently  performed  when  two  machines 
of  about  the  same  size  are  available.  The  machines  are  then  loaded 
to  their  full  capacity  on  each  other,  no  power  being  wasted  in  outside 
resistances,  or  in  a  Prony  brake.  The  machines  are  connected  mechani- 
cally and  electrically  (Figs.  310  and  311),  and  driven  so  that  one 
machine  acts  as  generator,  the  other  as  motor.  The  motor  drives  the 
generator,  while  the  latter  supplies  electric  power  back  to  the  motor. 
This  is  called  the  opposition  or  the  "  pumping-back  "  method  of  testing 
machines. 

If  the  machines  were  ideal  —  without  losses  —  the  set  would  be 
self-contained  and  would  require  no  power  from  the  outside  to  drive 
it.  In  reality,  the  losses  in  both  machines  must  be  supplied  either  by 
an  auxiliary  motor,  a  booster,  or  by  connecting  the  set  to  a  source  of 
supply.  The  power  supplied  to  the  set  from  outside  covers  only  the 
losses  in  both  machines,  and  herein  lies  the  economy  of  the  method. 
Suppose,  for  instance,  that  two  500-kilowatt  generators  are  to  be  tested 
at  full  load.  Assuming  the  efficiency  of  each  machine  to  be  90  per  cent 
the  shop  line  would  have  to  supply  500  -*•  (0.90)8  «  618  kilowatts  if 
one  machine  were  to  drive  the  other  in  the  ordinary  way,  the  second 
machine  being  loaded  on  resistances.  When  running  the  same  two 
machines  in  opposition,  the  line  has  to  supply  only  10  per  cent  of  the 
500  +  500  kilowatts,  or  only  100  kilowatts.  If  a  small  driving  motor 
or  a  booster  is  used  (Fig.  310),  the  losses  in  these  machines  must  also 
be  supplied  from  the  line;  but  even  then  the  power  demand  is  several 
times  less  than  with  an  ordinary  load  test. 

Electrical  conditions  in  a  generator  or  a  motor,  run  in  opposition 
with  another  machine,  may  be  adjusted  so  as  to  have  full-load  current 
and  the  rated  voltage.  Therefore  the  opposition,  or  the  pumping- 
back  method  is  used  for  determining  efficiency,  regulation  and  tem- 
perature rise  of  the  machine,  as  these  require  running  it  under 
full-load  conditions. 

409 
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373.  Mechanical  Analogy  to  Opposition  Runs.  —  The  following 
analogy  (Fig.  309)  may  make  clearer  the  underlying  principle  of  all 
opposition  methods.  Let  it  be  required  to  determine  the  efficiency 
of  a  large  crane  or  hoist  under  full-load  conditions,  when  the  circum- 
stances are  such,  that  there  is  not  enough  power  to  drive  it  at  full  load, 
but  it  happens  that  another  identical  hoist  is  available.  The  two 
hoisting  drums  are  then  belted,  as  shown  in  the  sketch,  so  that  when 
the  hoist  No.  1  lifts  its  weight  P\,  the  hoist  No.  2  lowers  its  weight  P* 
The  weights  are  equal  and  correspond  to  the  rated  capacity  of  the 
hoists;  the  whole  system  is  mechanically  balanced.  Without  friction, 
a  very  small  force  would  produce  a  movement  in  either  direction.    In 


Holat  No.  2 

Fig.  309.    A  mechanical  analogy  illustrating  the  electrical  opposition  methods. 

reality  quite  a  considerable  force  is  necessary  to  overcome  the  friction 

in  both  machines,  and  to  start  the  movement. 

This  extra  power  may  be  applied  either  as  a  driving  force  on  the 

shaft,  or  as  an  extra  weight  P  added  to  the  load  of  one  of  the  hoists. 

The  first  solution  is  analogous  to  the  auxiliary  motor  shown  in  Fig. 

310,  the  second  solution  corresponds  to  power  being  supplied  from  the 

line,  as  in  Fig.  311.    In  either  case,  efficiency  is  calculated  from  the 

ratio  of  the  power  supplied  from  the  outside,  to  the  load  of  the  machines. 

Suppose,  for  instance,  that  each  of  the  large  weights  on  the  hoists  is 

100  tons,  and  that  an  additional  weight  of  20  tons  is  required  to  move 

the  system  at  its  rated  speed.    This  corresponds  to  a  friction  loss  of  10 

tons  per  hoist;  the  average  load  is  110  tons,  consequently  the  efficiency 

of  either  hoist  is 

110-10      01 

— — —  =  91  per  cent. 
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374.  Classification  of  Opposition  Methods.  —  The  methods  by 
which  two  electrical  machines  may  be  run  in  opposition  are  usually 
classified  according  to  the  way  in  which  the  losses  are  supplied.  Copper 
loss  may  be  supplied  electrically  or  mechanically,  and  iron  loss  + 
friction  may  also  be  supplied  either  electrically  or  mechanically.  This 
gives  the  four  combinations  shown  in  the  following  table: 


Iron  loss  and  friction 
supplied  mechanically 

Iron  loss  and  friction 
supplied  electrically 

Copper  loss  supplied 
electrically 

(1) 
Blondel 

(8) 
Kapp  — Parallel 
Potier — Series 
Hutchison  —  Series 
and  Parallel 

Copper  loss  supplied 
mechanically 

(2) 
Hopkinson 

(4) 
Impracticable  (?) 

Blondel's  method  (1)  is  theoretically  the  most  rational,  because 
electrical  loss  is  supplied  electrically,  while  mechanical  losses  are  sup- 
plied mechanically;  its  disadvantage  is  that  it  requires  a  booster  set 
and  an  auxiliary  motor  (Fig.  310). 


Fio.  310.     Blondel's  opposition  method  for  testing  two  direct-current  machines. 
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Omitting  the  booster  set  and  supplying  all  the  losses  by  the  auxiliary 
motor  gives  Hopkinson's  method  (2);  this  method  is  as  good  as  Blon- 
del's  for  determination  of  temperature  run  and  regulation,  but  gives 
only  approximate  results  for  efficiency. 

On  the  other  hand,  omitting  the  auxiliary  motor  in  the  Blondel 
scheme  gives  the  three  methods  marked  (3)  in  the  table  (see  Fig.  311). 
All  the  losses  are  supplied  here  electrically,  either  by  a  booster  or 
directly  from  the  line,  or  by  both  methods.  The  absolutely  correct 
method  among  these  three  is  that  of  Hutchison,  in  which  copper  loss 
is  supplied  by  the  booster  and  iron  loss  +  friction  from  the  line. 

Kapp  omits  the  booster  and  supplies  all  the  losses  from  the  line; 
Potier  does  not  use  the  line  and  supplies  all  the  losses  by  the  booster. 


J  Batten 


Fig.  311.    Hutchison's  opposition  method  for  testing  two  direct-current  machines. 

These  two  methods  are  simpler  than  Hutchison's  and  just  as  good  for 
temperature  run  and  regulation,  but  give  only  approximate  results  for 
efficiency. 

The  method  (4)  has  never  been  worked  out  in  practice,  for  it  does 
not  seem  rational  to  supply  electrical  losses  mechanically,  and  vice 
versa.  It  may  be  possible,  however,  that  a  simple  and  satisfactory 
arrangement  of  this  kind  could  be  devised. 

All  the  above  methods  will  now  be  described  more  in  detail. 

375.  Losses  Supplied  Electrically  and  Mechanically.  —  We  shall 
begin  with  Blondel's  method,  as  it  is  more  correct  theoretically,  and 
moreover  all  other  methods  may  be  deduced  from  it.  The  connections 
are  shown  in  Fig.  310.  Two  identical  machines  under  test  are  belted 
or  coupled  together;  their  armatures  are  connected  electrically  in  oppo- 
sition.   The  fields  should  be  excited  separately,  from  the  line,  when- 
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ever  possible.  A  small  auxiliary  motor  is  belted  to  one  of  the  machines, 
and  supplies  the  iron  loss  and  friction  of  the  set.  A  booster  is  con- 
nected in  series  with  the  armatures  and  generates  the  voltage  necessary 
for  overcoming  the  resistance  drop  in  the  two  armatures.  The  booster 
is  shown  in  the  diagram  driven  by  a  separate  motor. 

The  set  is  started  and  brought  up  to  speed  by  the  auxiliary  motor 
with  the  switch  s  open.  Then  the  fields  of  both  machines  are  excited 
to  the  required  value,  and  when  the  voltmeter  V  gives  the  same  read- 
ing on  both  sides,  the  switch  8  is  closed.  Very  little  current  flows 
between  the  two  machines,  the  armatures  being  in  opposition.  By 
exciting  the  booster  so  as  to  add  its  voltage  to  that  of  the  generator, 
any  desired  current  may  be  made  to  circulate  between  the  two  machines. 
If  there  should  be  sparking  on  the  commutators,  the  brushes  should 
be  shifted  forward  on  the  generator  and  backward  on  the  motor,  by 
equal  amounts. 

By  regulating  the  field  rheostats  of  the  two  machines,  the  speed  of 
the  auxiliary  motor,  and  the  booster  voltage,  any  desired  conditions 
of  current;  voltage,  and  speed  of  the  set  under  test  can  be  established. 
It  is  easily  seen  that  the  booster  supplies  the  copper  loss  only,  when 
both  machines  are  equally  excited;  this  is  because  the  electromagnetic 
torque  between  the  fields  and  the  armatures  is  the  same  in  the  two 
machines,  so  that  no  excess  of  power  is  left  on  the  belt  for  overcom- 
ing mechanical  losses.  On  the  other  hand,  the  induced  e.m.f.'s  being 
also  equal,  the  current  is  made  to  circulate  only  by  the  voltage  sup- 
plied by  the  booster.  Therefore,  the  copper  loss  is  supplied  entirely 
by  the  booster;  consequently,  iron  loss  and  friction  are  supplied  by  the  * 
auxiliary  motor. 

376.  Details  of  Blondel's  Method.  —  Suppose  that  the  machine 
under  test  (Fig.  310)  is  intended  to  be  used  in  regular  service  as  a 
generator.  Then  its  speed  and  voltage  during  the  test  are  adjusted  to 
conform  with  the  data  on  the  name-plate,  the  load  current  being  taken 
a  little  larger  to  account  for  the  field  current  which  during  the  test  is 
supplied  separately,  but  which,  in  regular  operation,  must  be  supplied 
by  the  armature  itself.  The  test  may  be  performed  either  for  deter- 
mining the  efficiency,  regulation,  or  temperature  rise  of  the  machine. 
We  shall  consider  these  three  cases  separately. 

(a)  Efficiency.  The  other  machine  must  in  this  case  be  identical 
with  the  machine  under  test,  or  else  its  efficiency  must  be  known. 
Assuming  it  to  be  identical,  its  fields  must  be  excited  to  the  same 
degree,  in  order  to  have  the  same  iron  loss  in  both  machines;  the  cur- 
rent is  adjusted  to  a  proper  value  by  the  booster.  Let  P  be  the  watts 
power  supplied  by  the    auxiliary    motor,  /  the    current    circulating 
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between  the  machines,  E  the  rated  voltage  of  the  generator,  i  tne 
exciting  current  during  the  test,  and  e  the  voltage  across  the  booster 
armature. 
We  have  then:  , 

useful  output  of  the  generator  =»  E  (/  —  i);  I 

iron  loss  +  friction  in  each  machine  =  £  P; 

copper  loss  in  each  machine  «=  £  el; 

excitation  loss  in  each  machine  —  Ei; 
the  latter  includes  the  loss  in  the  field  rheostat.  j 

The  efficiency  of  the  generator  =* U  ~  V 

EI  +  *P  +  i  el 

The  output  of  the  auxiliary  motor  is  determined  from  its  input  and 
losses  (see  latter  part  of  §  353);  all  other  quantities  entering  into  this 
expression  are  measured  directly  during  the  test. 

It  is  left  to  the  reader  to  develop  a  similar  efficiency  formula  for  the 
case  when  the  machines  under  test  are  intended  to  be  regularly  used 
as  motors.     The  exact  input  corresponding  to  the  rated  horse-power 
output  can  in  this  case  be  determined  only  by  trials;  it  is  advisable  to  j 
take  readings  within  wide  limits  of  input. 

(b)  Regulation.  The  adjustment  is  the  same  as  before,  but  the 
machines  do  not  need  to  be  alike.  Having  obtained  full-load  conditions 
on  the  machine  under  test,  reduce  the  booster  voltage,  or  increase  that 
of  the  other  machine  until  the  circulating  current  is  reduced  to  zero, 
or,  more  correctly,  to  the  value  of  the  field  current.  This  corresponds 
to  throwing  the  load  off  the  machine,  as  required  for  the  regulation 
test  (see  §  302).  Measure  the  terminal  voltage  under  these  conditions. 
Another  way  of  determining  the  voltage  at  no  load  is  to  open  the 
switch  between  the  generator  and  the  motor  and  to  drive  the  generator 
at  no  load  by  the  auxiliary  motor.  Per  cent  rise  in  voltage  is,  by  defini- 
tion, the  regulation  of  the  generator. 

If  the  machine  under  test  is  intended  to  be  used  as  a  motor,  and  per 
cent  speed  regulation  between  no  load  and  full  load  is  required,  keep 
the  voltage  across  the  motor  terminals  constant  by  means  of  the  booster 
field,  and  reduce  the  speed  of  the  auxiliary  motor  until  the  circulating 
current  is  reduced  to  zero,  or,  more  correctly,  to  that  which  the  motor 
takes  at  no  load.  Another  way  of  accomplishing  the  same  result  is 
to  throw  off  the  belt  between  the  two  machines  and  to  run  the  motor 
at  no  load. 

(c)  Temperature  Run.  The  adjustment  is  the  same  as  before;  the 
machine  under  test  must  have  the  same  current  which  its  armature 
carries  at  full  load,  same  field  and  the  rated  speed.    The  other  machine 
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may  be  of  any  kind,  provided  it  can  take  up  the  load  delivered  by  the 
first  machine.  If  the  two  machines  are  identical,  the  temperature  run 
is  made  on  both  simultaneously. 

Before  beginning  the  run,  cold  resistances  of  the  armature  and  the 
field  must  be  measured.  The  machines  are  then  run  the  required 
number  of  hours  under  load,  and  hot  resistances  are  measured  in  order 
to  calculate  the  temperature  rise  (§  7).  The  temperature  of  the  arma- 
ture iron  and  of  the  commutator  is  measured  by  thermometers.  Some- 
times the  temperature  of  the  windings  is  also  measured  by  thermometers, 
as  a  check  on  resistance  measurements. 

377.  EXPERIMENT  18-A.  — Efficiency,  Regulation,  and  Tem- 
perature Rise  by  the  Blondel  Opposition  Method. —  The  machines  are 
connected  as  in  Fig.  310;  instructions  for  starting  the  set  are  given  in  the 
preceding  article.  The  runs  for  efficiency,  regulation  and  temperature 
rise  may  all  be  performed  during  the  same  laboratory  period.  Perform 
these  tests  from  the  standpoint  of  the  machine  under  test  running  as 
generator,  and  at  the  end  of  the  test  make  a. few  runs  assuming  the 
machine  under  test  to  be  a  motor. 

(a)  Begin  the  experiment  by  measuring  cold  resistances  of  the 
generator  and  the  auxiliary  motor.  Bring  the  set  up  to  speed  and 
adjust  the  current  at  about  25  per  cent  overload.  Take  the  necessary 
readings,  and  then  gradually  reduce  the  armature  current  to  zero,  so 
as  to  obtain  complete  curves  of  efficiency  and  regulation.  Bead  gener- 
ator volts,  booster  volts,  field  current,  circulating  amperes,  speed,  and 
the  input  into  the  driving  motor.  The  latter  reading  should  comprise 
armature  amperes,  volts,  field  amperes  and  speed.  At  the  end  of  the 
test,  take  off  the  belt,  and  run  the  driving  motor  light,  in  order  to 
determine  its  own  losses. 

(b)  Belt  the  motor  again)  bring  the  set  up  to  speed,  and  adjust  the 
conditions  for  the  temperature  run,  so  as  to  obtain  an  appreciable 
temperature  rise  in  an  hour  or  less.  An  average  machine  ought  to 
be  able  to  stand  at  least  50  per  cent  overload  in  current  and  25  per  cent 
over-potential  for  this  period  of  time.  At  the  end  of  the  run,  measure 
hot  resistances  and  temperature  rise  by  thermometers. 

Report.  Plot  curves  of  efficiency  and  voltage. regulation  to  amperes 
output  as  abscissae.    Give  data  observed  on  temperature  run. 

378.  Losses  Supplied  Mechanically  —  Hopkinson  Method.  —  The 
above-described  Blondel  method  of  running  two  machines  in  opposi- 
tion requires  an  auxiliary  motor  and  a  booster  set.  If  it  is  desired  to 
do  away  with  the  booster,  the  current  between  the  two  machines  may 
be  circulated  by  weakening  the  field  of  one,  or  by  strengthening  the 
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field  of  the  other.  In  this  case  the  auxiliary  motor  (Fig.  310)  supplies 
the  copper  loss  as  well  as  the  iron  loss  and  friction  of  the  set.  This 
method  is  simpler  than  Blondel's,  and  is  quite  commonly  used  in  testing 
departments  of  electric  manufacturing  companies.  The  only  objection 
to  the  method  is  that  the  iron  loss  in  both  machines  is  not  the  same, 
the  fields  being  differently  excited.  This,  however,  is  of  no  conse- 
quence for  regulation  and  for  temperature  tests,  as  in  this  case  the 
two  machines  need  not  be  entirely  identical.  The  method  gives  only 
approximate  results  for  efficiency,  but  efficiency  is  usually  determined 
from  losses  and  not  from  an  opposition  test. 

When  a  temperature  run  is  required  on  both  machines,  each  is  run 
as  motor  half  of  the  time  to  make  the  conditions  the  same.  The  differ- 
ence between  the  true  iron  loss  in  the  two  machines  is  not  so  large  as 
may  appear  from  the  difference  in  the  exciting  currents.  With  the 
proper  setting  of  brushes,  the  field  of  the  generator  is  weakened  by  the 
armature  reaction,  while  that  of  the  motor  is  strengthened,  bringing 
them  nearer  to  each  other. 

If  P  is  the  output  of  the  auxiliary  motor,  total  losses  in  each  machine 
may  be  assumed  to  be  \  P  and 

efficiency  -    (*~  {)  En 
IE  +  iP 

(see  §  376).  A  similar  formula  may  be  deduced  for  the  case  when  the 
machine  under  test  is  intended  to  be  used  as  a  motor. 

379.  EXPERIMENT  18-B.  — Efficiency,  Regulation,  and  Tem- 
perature Rise  by  the  Hopkinson  Opposition  Method.  —  The  method 
is  explained  in  §  378;  the  directions  for  performing  the  experiment  are 
similar  to  those  in  §  377. 

380.  Losses  Supplied  Electrically— Hutchison  Method.  — The 
losses  may  be  supplied  by  the  three  methods  enumerated  under  (3) 
in  the  table  above.  The  theoretically  correct  method  for  determining: 
efficiency  is  that  of  Hutchison,  where  the  losses  are  supplied  partly  in 
series,  partly  in  parallel.  The  connections  are  shown  in  Pig.  311.  The 
method  is  similar  to  that  of  Blondel  (Fig.  310),  except  that  the  aux- 
iliary motor  is  dispensed  with,  and  iron  loss  -f  friction  are  supplied 
directly  from  the  line  pq  through  the  wires  ap  and  dq. 

The  set  is  started  from  the  line  with  the  rheostat  fi,  using  the  left-hand 
machine  as  a  motor,  the  switch  s  being  open.  When  the  machines  are 
up  to  speed,  the  generator  field  is  excited,  and  when  the  voltages  of  the 
two  machines  are  approximately  equal,  the  switch  s  is  closed.  After 
this  the  required  current  is  established  between  the  two  machines  by 
suitably  exciting  the  booster. 
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The  field  current  taust  be  the  same  in  the  two  machines,  at  least  for 
the  efficiency  test,  in  order  to  have  the  same  iron  loss.  Copper  loss  is 
supplied  by  the  booster,  as  in  the  Blondel  method.  It  is  shown  below 
that  the  line  supplies  not  only  iron  loss  and  friction,  but  also  a  small 
part  of  the  copper  loss;  the  correction  is  easily  applied,  and  does  not 
impair  the  accuracy  of  the  method. 

Kapp's  method  is  obtained  from  that  of  Hutchison  by  omitting  the 
booster;  all  the  losses  are  supplied  directly  from  the  line.  A  current 
is  made  to  circulate  between  the  two  machines  by  weakening  the  motor 
field.  This  method  has  an  advantage  of  a  greater  simplicity,  and  is 
just  as  satisfactory  for  regulation  and  temperature  runs.  It  does  not 
give  quite  correct  values  for  efficiency,  both  the  iron  loss  and  the  cop- 
per loss  in  the  two  machines  being  different. 

Potier's  method  is  obtained  from  that  of  Hutchison  by  omitting  the 
connections  to  the  line  and  supplying  all  the  losses  from  the  booster. 
The  field  of  the  motor  must  in  this  case  be  stronger  than  that  of  the 
generator  in  order  to  give  it  an  additional  torque  for  overcoming  the 
iron  loss  4-  friction  of  the  set.  With  this  method  the  copper  loss  in 
both  machines  is  the  same,  but  the  iron  loss  is  somewhat  different,  and 
the  same  remark  applies  to  it  as  to  Kapp's  method. 

381.  Efficiency  by  Hutchison  Method.  — If  Eiq  is  the  power 
delivered  to  the  set  from  the  line  (Fig.  311),  and  eig  that  delivered  by 
the  booster,  the  expression  \  (Ei0  +  eig)  represents  total  losses  in  each 
machine  (assuming  the  losses  equal),  and  the  efficiency  may  thus  be 
easily  determined.  This  is,  however,  not  quite  correct,  because  the  cur- 
rents ig  and  im  in  the  two  machines  are  somewhat  different.  If  a  greater 
accuracy  is  required,  the  copper  loss  should  be  figured  out  separately, 
as  shown  below. 

With  the  notation  shown  in  the  diagram,  we  have 

Ei.  +  eig  =  v2  r  +  im*  r  +  P (1) 

This  equation  expresses  that  the  power  Ei0  supplied  from  the  line,  plus 
the  power  eig  delivered  by  the  booster,  is  equal  to  the  copper  loss  in 
the  armatures  of  the  two  machines,  plus  their  iron  loss  and  friction  P. 
The  fields  being  equally  excited,  the  voltages  induced  in  the  two  arma- 
tures are  equal  and  opposite.  Therefore,  the  booster  voltage  must  be 
equal  to  the  voltage  drop  in  the  armatures  of  both  machines,  or, 

e  —  i9r  +  imr (2) 

The  current  i0  supplied  from  the  line  is  the  difference  between  the 
motor  current  im  and  the  generator  current  ig,  or 

to  =  in  -  ig (3) 
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Substituting  e  and  ig  from  (2)  and  (3)  into  (1),  we  get 

P  -  Eio-inior (4) 

In  other  words,  iron  and  friction  loss,  P,  of  the  set  is  equal  to  the  power 
Eia  supplied  from  the  line,  less  a  correction  i»  iQ  r.  The  iron  and  friction 
loss  in  each  machine  is  £  P.  The  copper  loss  in  the  armature  of  either 
machine  may  easily  be  calculated  from  the  ammeter  readings,  and  the 
efficiency  thus  determined  (taking  account  of  the  excitation  loss). 

382.  EXPERIMENT  18-C.  — Efficiency,  Regulation,  and  Tem- 
perature Rise  by  the  Hutchison  Opposition  Method.  —  The  theory 
and  the  directions  are  given  in  §5  380  and  381.  The  order  in  which  the 
experiment  is  performed,  and  the  requirements  for  the  report,  are  the 
same  as  in  §  377.  At  the  end  of  the  test,  disconnect  the  line  at  p  and  q 
and  run  the  set  by  supplying  all  the  losses  from  the  booster ;  this  is 
Potier's  method,  mentioned  in  §  380.  Then  disconnect  the  booster  and 
supply  all  the  losses  from  the  line;  this  is  Kapp's  methodjpentioned  in 
the  same  article. 

383.  Opposition  Runs  on  Series  Motors. —  The  methods  given  in 
the  table  (J  374)  with  corresponding  changes  may  be  used  for  testing 
series  motors,  more  particularly  railway  motors.  Such  motors  are  tested 
in  large  quantities,  and  it  pays  to  provide  special  arrangements  in  order 
to  facilitate  handling  the  machines. 

One  of  the  methods  used  by  the  General  Electric  Company  is  similar 
to  that  shown  in  Fig.  310,  except  that  the  motors,  instead  of  being 
belted  together,  are  geared  to  a  counter-shaft.  This  shaft  is  driven  by 
an  auxiliary  motor,  which  supplies  mechanical  losses.  The  fields  are 
connected  in  series  with  the  armatures,  and  a  booster  supplies  the 
copper  loss. 

A  simpler  method,  which  is  a  modification  of  Kapp's  method,  is 
shown  in  Fig.  312.  The  motors  are  coupled  together  and  are  connected 
electrically  in  opposition.  The  motor  to  the  left  is  started  from  the 
line  and  drives  the  other  machine,  which  acts  as  a  generator  and  sup- 
olies  current  to  the  water  rheostat;  the  switch  Si  is  open.  When  the 
proper  speed  is  reached,  and  the  voltmeter  Vi  shows  nearly  zero,  the 
switch  Si  is  closed.  By  increasing  the  resistance  in  water  rheostat, 
the  generator  is  made  to  send  part  of  the  current  back  into  the  motor, 
reducing  the  current  drawn  from  the  line.  Finally  the  circuit-breaker 
S2  is  opened,  and  the  machines  run  in  opposition. 

Shunting  rheostats  R\  and  R2  are  provided  around  the  field  windings 
F{  and  F2,  in  order  to  regulate  the  speed  of  the  set  and  the  current 
circulating  between  the  machines.  The  machine  with  a  weaker  field 
acts  as  a  motor,  the  other  as  generator.      To  make  the  conditions 
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during  the  temperature  run  equal,  each  machine  is  made  to  act  half  of 
the  time  as  generator,  and  half  of  the  time  as  motor. 

384.  EXPERIMENT  18-D.—  Opposition  Run  on  Two  Series 
Motors.  —  Two  identical  railway  motors  are  connected  according  to 
either  scheme  described  in  §  383  and  run  throughout  the  possible  range 
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Pig.  312.    An  opposition  test  on  two  series-wound  motors. 

of  speeds,  the  purpose  of  the  test  being  to  obtain  ampere-speed  and 
efficiency  curves.  After  this,  a  heavy  overload  is  put  on  the  motors  for 
about  an  hour  (temperature  run).  Measure  cold  and  hot  resistances, 
and  also  determine  temperature  rise  by  thermometers. 

Report.   Plot  ampere-speed  and  efficiency  curves  of  the  motor;  give 
temperature  rise  by  resistances  and  by  thermometers. 


CHAPTER   XIX. 

TRANSFORMERS. 

385.  Transformers  are  devices  used  for  raising  or  lowering  voltage 
in  alternating-current  circuits  (Fig.  313).  Their  principal  application 
is  in  power-transmission  plants  and  in  distribution  of  power  by  means  of 
alternating  currents.  Aside  from  this,  transformers  are  used  in  some 
cases  for  regulating  voltage  (Fig.  387),  and  for  measuring  purposes, 
<Fig.  45). 

A  transformer  consists  of  two  windings  placed  on  the  same  iron  core 
(Fig.  313);  one  winding  —  the  primary  —  is  connected  to  the  power  sup- 
ply, the  other  —  the  secondary  —  to  the  load.    The  primary  alternating 


Transformer 
Fig.  313.     Diagram  of  connections  for  loading  a  transformer. 

current  produces  in  the  core  an  alternating  magnetic  flux,  which 
in  turn  produces  induced  voltage  and,  consequently,  currents  in  the 
secondary  winding.  By  properly  selecting  the  number  of  turns  in  the 
two  windings,  the  voltage  may  be  raised  or  lowered. 

386.  Core-Type  and  Shell-Type  Transformers.  —  There  are  two 
ways  of  arranging  the  windings  and  the  iron  core  relative  to  each 
other:  the  core  may  be  either  inside  the  coils,  or  it  may  surround  them 
(inside  and  outside).  The  first  construction,  the  so-called  core-{yf# 
transformer,  is  shown  in  Fig.  314.  The  primary  and  the  secondary  coils 
surround  the  core,  and  are  placed  as  close  as  possible  to  each  other, 
in  order  to  obtain  a  more  perfect  inductive  action,  and  to  minimize 
magnetic  leakage.  „  Transformers  are  usually  immersed  in  oil,  which 
keeps  the  transformer  cooler  in  operation  and  also  protects  its  insula- 
tion from  moisture  and  deterioration. 

A  shell-type  transformer,  or  one  in  which  the  iron  core  surrounds  the 
coils,  is  shown  in  Fig.  315;  the  details  are  the  same  as  in  the  core-type 
transformer. 
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Electrically  the  two  types  are  equivalent,  the  difference  being  merely 
in  the  mechanical  construction.  Both  types  are  used  by  different 
manufacturers,  and  some  companies  build  transformers  of  either  type. 

387.  Ratio  of  Voltages  and  Currents.  —  The  fundamental  prop- 
erty of  the  transformer  is  that  the  ratio  of  currents  primary  and 
secondary  is  practically  equal  to  the  inverse  ratio  of  the  corresponding 
voltages.    This  can  be  explained  in  two  ways: 

(a)  As  the  losses  in  a  transformer  amount  to  only  a  few  per  cent  of  its 
rated  capacity,  it  follows  that  practically  all  of  the  power  supplied  to  the 
primary  is  delivered  to  the  secondary.     This  power  is  measured  by  the 
product  "  volts  times  am- 
peres," and  so  we  have,  to  a 
very  close  approximation: 

E\  1 1  =  E2  12} 
whence 

h     ft' 

where  Ei  and  E2  are  the 
primary  and  the  secondary 
voltages,  and  I\  and  72  the 
corresponding  currents. 

(b)  Another  explanation 
is  based  on  the  fact,  that 
the  current  necessary  to 
magnetize  the  transformer 
iron  is  very  small  (closed 
magnetic  circuit,  low  flux 
density) ;      therefore      the 


SECTION  A-B 
Fig.  814.     A  core- type  transformer. 


number  of  primary  ampere-turns  nx  is  practically  equal  to  the  opposing 
number  of  secondary  ampere-turns  n2,  or 

IlHi   =  1 2^2- 

But  in  a  transformer,  as  in  any  other  apparatus  based  on  induction 
voltages  are  proportional  to  the  number  of  turns,  and  we  have  again  that 

I2      ni       Ei 

388.  EXPERIMENT  19-A.  —  Ratio  of  Voltages  and  Currents 
in  a  Transformer.  —  The  purpose  of  the  experiment  is  to  make  clear 
the  numerical  relations  outlined  in  the  previous  article.  It  is  well  to 
have,  for  the  experiment,  a  transformer  with  several*  taps,  at  least  on 
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one  of  the  windings  (Fig.  316),  so  as  to  be  able  to  vary  the  number 
of  active  turns,  and  consequently  the  ratio  of  voltages  and  currents. 

(a)  Connect  the  primary  winding  to  the  supply,  the  secondary 
winding  to  a  load;  have  an  ammeter  and  a  voltmeter  inserted  on  both 
sides,  or  transfer  the  same  instruments  from  one  circuit  to  the  other  by 
means  of  suitable  switches.  Vary  the  load  from  zero  to  a  maximum, 
and  read  volts  and  amperes  on  both  sides. 

(b)  If  possible,  change  the  ratio  of  turns,  and  repeat  the  same 
experiment.     Make  one  of  the  runs  with  an  inductive  load,  say  a  choke 

coil,  in  order  to  see   if  the 
ratio   of   currents   remains 
the  same.      Before  leaving 
the  laboratory,  inform  your- 
self as  to  the  number   of 
turns  in  the  two  windings, 
(c)   If  two  transformers 
are    available,   a   complete 
power  transmission  may  be 
realized  in  the  laboratory. 
The  voltage  is  stepped  up, 
say  from  110  volts  to  2200 
volts,    and     then    stepped 
back  at  the  other  end  of  the 
line  to  220,  or  any  other 
desired  voltage.     For  read- 
ing line  volts,  the  voltmeter 
must  be   provided   with  a 
shunt     transformer    of    a 
known  ratio  (Fig.  45). 
Report.    (1)   Plot  to  amperes  load  as  abscissae:    primary  amperes, 
primary  volts  and  secondary  volts;  also  a  curve  of  ratios  of  volts  and  of 
amperes.     Show  that  the  ratio  of  volts  is  very  nearly  the  same  as  that 
of  the  number  of  turns,  and  as  the  inverse  ratio  of  currents.    The 
ratio  of  currents  may  be  somewhat  different  at  light  loads,  because  the 
transformer  consumes  a  small  primary  current,  even  with  no  current 
in  the  secondary.    This  so-called  no-load   current  serves  largely  for 
magnetizing  the  transformer  iron,  and   has  a  small  component  for 
supplying  the  core-loss.     (2)    Describe  the  experiment  on  power  trans- 
mission with  step-up  and  step-down  transformers,  and  give  the  numeri- 
cal data  observed. 

389.   Voltage  Drop  in  Transformers.  —  In  the  above  discussion, 
the  transformer  windings  are  supposed  to  be  ideal,  possessing  no  resist- 
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Fig.  315.    A  shell-type  transformer. 
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ance  or  reactance.  In  reality,  when  currents  flow  through  the  trans- 
former, a  certain  drop  takes  place  in  its  windings,  so  that  if  the  primary 
voltage  is  maintained  constant,  the  secondary  voltage  drops,  as  the 
load  increases. 

Suppose,  for  instance,  that  a  transformer  has  such  a  ratio  of  the 
number  of  turns  as  20  to  1.  With  the  primary  connected  to  a  2200- 
volt  supply,  the  secondary  voltage  at  no  load  is  110  volts.  Suppose  the 
voltage  drop  in  the  primary  winding  to  be  2  per  cent,  or  44  volts  at  full 
load.  This  leaves  2156  volts  to  be  transmitted  into  the  secondary; 
with  the  ratio  of  transformation  of  20  to  1,  the  secondary  induced 
voltage  is  107.8  volts.  If  the  drop  in  the  secondary  winding  is 
also  2  per  cent,  the  voltage  at  the  secondary  terminals  is  but  105.6 
volts,  instead  of  110  volts  available  at  no  load.  Thus,  as  the  load 
changes,  the  voltage  fluctuates, 
producing  an  undesirable  flickering 
of  the  lamps.  Incandescent  lamps 
are  sensitive  to  a  very  few  per  cent 
variation  of  the  rated  voltage; 
therefore,  good  inherent  regulation 
of  transformers  is  of  great  practical 
importance. 

Voltage  drop  in  a  transformer 
depends  not  only  on  amperes  load 
but  also  on  the  power  factor  of 
the  load.     The  explanation  is  the 

same  as  in  Fig.  236  for  transmission  lines,  and  in  Figs.  359  and  360  for 
alternators. 

Voltage  variation  on  the  secondary  side,  with  a  constant  primary 
voltage,  may  be  determined  either  by  actually  loading  the  transformer, 
or  it  may  be  calculated  from  the  measured  resistances  and  reactances 
of  the  transformer  windings.  The  second,  or  the  indirect,  method  is 
always  preferred  in  practice,  because  it  gives  more  accurate  results, 
and  involves  but  a  small  expenditure  of  power.  This  method  is 
described  in  §§  408  to  411.  In  order,  however,  that  the  student  may 
see  a  transformer  in  actual  operation  and  be  able  to  judge  concern- 
ing the  magnitude  of  voltage  fluctuations,  he  should  determine  the 
regulation  by  actually  loading  a  transformer  on  ohmic  and  inductive 
resistances,  as  described  in  the  next  experiment.  It  is  advisable  to 
determine  the  regulation  of  the  same  transformer,  by  the  direct  and 
the  indirect  methods,  in  order  to  be  able  to  compare  the  results. 

390.  EXPERIMENT  1 9-B.  —  Loading  a  Transformer.  —The  pur- 
pose of  the  experiment  is  to  determine  the  fluctuations  of  secondary  volt- 


Fig.  316.     Tftps  on  a  transformer  wind- 
ing, for  voltage  regulation. 
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age  with  inductive  and  non-inductive  load.  There  should  be  provided 
for  this  test  an  ordinary  lighting  transformer,  such  as  is  used  in  cities  for 
stepping  the  2200-volt  supply  down  to  110  volts  or  220  volts  for  light 
and  power  in  houses.* 

The  test  consists  in  actually  loading  the  transformer  and  varying 
the  load  and  its  power  factor.  Voltages  must  be  measured  very 
accurately,  because  the  drop  between  no  load  and  full  load  is  but  a 
few  per  cent.  The  best  way  to  measure  the  primary  voltage  is  to  have 
another  transformer  connected  to  the  same  primary  circuit  and  kept 
unloaded.  The  voltmeter  should  be  provided  with  a  double-throw 
switch  to  enable  one  to  read  quickly  in  succession  the  voltages  of 
both  loaded  and  the  unloaded  transformers.  This  is  better  than 
actually  throwing  off  the  load  for  measuring  the  no-load  voltage,  because 
this  may  somewhat  change  the  primary  voltage. 

A  shunt  or  potential  transformer  (Fig.  45)  may  be  used  with  the 
voltmeter,  for  reading  the  voltage  on  the  high-tension  side.  An 
ammeter  and  a  wattmeter  must  be  connected  on  the  low-tension  side, 
as  shown  in  Fig.  313;  it  is  well  to  have  an  ammeter  on  the  high-tension 
side,  that  it  may  be  possible  to  check  the  ratio  of  currents.  First 
determine  the  regulation  at  non-inductive  load.  The  primary  volts 
must  be  kept  constant;  the  secondary  voltage  decreases,  as  the  load 
increases.  If  it  should  be  impossible  to  keep  the  primary  volts  abso- 
lutely constant,  the  secondary  volts  must  be  corrected  before  plotting 
the  curves;  within  the  limits  of  fluctuations  it  can  be  safely  assumed 
that  the  secondary  voltage  is  directly  proportional  to  the  primary,  so 
that  if,  for  instance,  the  primary  voltage  was  2  per  cent  low  when  a  read- 
ing was  taken,  the  observed  secondary  voltage  must  be  also  increased 
2  per  cent  before  plotting  the  regulation  curve. 

After  this  test  the  regulation  of  the  transformer  must  be  investigated 
on  inductive  loads.  With  non-inductive  load  there  is  but  one  quantity 
to  be  varied,  viz.,  amperes  (or,  which  is  the  same,  watts);  on  inductive 
loads  there  are  three  variables:  amperes,  watts  and  power  factor.  Any 
two  of  these  can  be  taken  as  independent,  and  curves  plotted  giving 
the  regulation  of  the  transformer,  say  for  constant  watts,  constant 
current  or  a  constant  value  of  the  power  factor.  It  is  much  easier  to 
regulate  the  inductive  and  non-inductive  resistances  so  as  to  keep  either 
amperes  or  watts  constant  and  to  get  the  influence  of  the  power  factor 
on  regulation. 

*  If  the  distributing  network  is  laid  underground  (cables),  such  transformers  are 
usually  placed  in  the  basements  of  the  houses;  if  the  distribution  is  done  by- 
means  of  overhead  wires,  the  transformers  are  mounted  on  the  outside  of  one  of 
the  walls,  or  on  a  pole  near  the  house. 
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NOTE.  A  student  working  with  a  2200- volt  transformer  must 
remember  that  it  is  dangerous  to  come  in  contact  with  the  high-pressure 
side  of  it;  great  care  should  be  exercised  in  regard  to  touching  any 
switches,  wire,  or  instruments  connected  to  the  high-tension  side. 
Rubber  matting  should  be  put  on  the  floor  for  protection,  so  as  to 
insulate  the  students  from  the  ground,  and  the  students  should  not 
touch  either  the  walls,  pipes  or  any  objects  that  might  be  connected  to 
the  ground.  In  addition,  rubber  gloves  should  be  provided  for  the 
student  who  reads  the  high-tension  instruments,  so  that  he  could  not 
touch  them  by  mistake.  Directions  of  the  instructor  should  be  followed 
exactly,  and  no  changes  attempted  before  consulting  him. 

An  electrical  engineer  has  to  handle  high-tension  currents  in  his  prac- 
tical work,  and  it  seems,  therefore,  natural  that  he  should  have  some 
experience  with  it  before  leaving  college;  he  should  know,  however,  that 
a  mistake  or  negligence  may  prove  fatal,  and  should  act  accordingly. 

(a)  Apply  a  certain  load,  say  25  per  cent  overload,  entirely  non- 
inductive,  and  gradually  decrease  it,  at  the  same  time  introducing  more 
and  more  of  an  inductive  load,  —  say  a  choke  coil  in  parallel  with  the 
rheostat.  Regulate  the  load  so  as  to  keep  total  amperes  constant,  and 
observe  the  variation  of  the  secondary  voltage  as  the  power  factor 
decreases.  The  same  test  can  be  repeated  for  100  per  cent  load,  75 
per  cent  load,  etc. 

(6)  Now  again  take  a  certain  non-inductive  load  and  gradually  add  to 
it  some  inductive  load,  keeping  total  watts  constant.  Observe  the  regula- 
tion under  these  conditions.  In  this  case  it  may  be  better  to  begin  with 
the  lowest  power  factor  available  (largest  current),  as  otherwise  the  am- 
meter and  wattmeter  may  be  overloaded  and  damaged.  Several  curves 
should  be  taken,  for  various  values  of  watts.  A  data-sheet,  similar  to 
the  one  shown  below,  is  convenient  for  recording  the  readings. 


NON-INDUCTIVE  LOAD. 

INDUCTIVE    LOAD.  ...AMPS.  CONST. 

Prim. 
Amps. 

Prim. 
Volte. 

Sec. 
Amps. 

Sec. 
Volta. 

Sec. 
Watts. 

Prim. 
Aiupu. 

Prim. 
Volt*. 

Sec. 
A  in  pn. 

Sec.    i    Sec.    .  Power 
Volts. !  Watts.  Factor. 

Inst.  No. 

\ 

1               1 

Const. 



1               1 

1 ! 

| 

! i 

I  _  _  ! 

i 

1 

1         1 

Report.     Give  the  actual  connections  used  during  the  experiment. 
Plot  to  power  factor  as  abscissae,  curves  of  volts  for  constant  amperes, 
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as  indicated  in  Fig.  361  in  application  to  alternators.  Plot  on  the 
same  sheet  curves  of  corresponding  watts.  As  voltage  drop  in  trans- 
formers is  quite  small,  use  a  suppressed  volt  scale,  or  plot  volts  drop 
instead  of  the  voltage  itself.  On  another  curve  sheet  plot  similar 
curves  for  the  tests  in  which  watts  were  kept  constant,  showing  also 
the  corresponding  amperes.  Figure  out  per  cent  regulation  at  full  non- 
inductive  load,  as  per  definition  given  in  §  407. " 

391.  Auto-Transformer.  —  It  is  not  absolutely  necessary  to  have, 
in  a  transformer,  two  separate  windings;  the  line  voltage  may  be 
changed  by  having  one  winding  connected  across  the  line,  and  the  load 
taken  from  a  part  of  the  same  winding,  as  in  Fig.  317.    The  voltage  across 

AB  is  to  the  voltage  across  BC  as 
the  ratio  of  the  numbers  of  turns 
between  these  points.  If,  in  addition 
to  C,  other  taps  are  provided,  as 
shown  in  the  sketch,  the  secondary 
voltage  may  be  varied  within  certain 
limits. 

Such  a  transformer  with  only  one 
winding  is  called  an  auto-transforfoer. 
B  Theoretically  it  requires  less  copper 
than_  an  ordinary  transformer  of 
same  capacity.  Its  disadvantage  is, 
however,  that  the  high-tension  and 
the  low-tension  windings  are  not 
insulated  from  each  other.  This 
excludes  it  from  being  used  on 
ordinary  lighting  circuits  where 
voltage  is  stepped  down  from  220O 
volts.  Aiito-t.raPHforTnftrH  are  widely  used  for  starting  induction 
motors  (§  398)  and  for  various  purposes  of  regulation. 

In  an  ordinary  transformer  a  primary  and  a  secondary  current  are 
distinguished.  With  an  auto-transformer  there  are  three  different 
currents:  current  i\  in  the  line  and  in  the  part  AC  in  the  transformer; 
current  %2  in  BC,  and  the  load  current  (i\  +  t2).  The  currents  %i 
and  %2  are  shown  flowing  in  opposite  directions,  for  the  reason  that  the 
secondary  current  always  opposes  the  primary  in  its  magnetic  action. 
We  have  then,  as  in  §  387,  that  nxii  =  n2%2,  where  ni  and  n*  are  the 
numbers  of  turns  in  -AC  and  BC. 

Suppose,  for  illustration,  that  an  auto-transformer  has  120  turns 
between  A  and  B,  and  the  point  C  is  so  selected  that  there  are  40  turns 
in  the  part  BC.    If  the  line  voltage  is  300  volts,  the  voltage  across  the 
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Fio.  817.     A  loaded  auto-transformer. 
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load  will  be  only  100  volts.  The  part  AC  has  80  turns  as  against  40  in 
BC;  therefore  the  current  i\  needs  to  be  only  one-half  of  t2  in  order  to 
produce  the  same  magnetic  action.  If  the  load  current  (t'i  +  i2)  is 
equal  to  60  amperes,  two-thirds  of  it,  pr  40  amperes,  are  supplied  by  i2, 
and  one-third,  or  20  amperes,  supplied  by  %i.  With  this  distribution  of 
currents,  the  same  energy  is  delivered  to  the  secondary  as  is  supplied, 
by  the  primary,  no  energy  being  created  or  lost  in  the  transformer  itself; 

Power  -  60  X  100  =  20  X  300  =  6000  watts. 

In  general,  if  e\  and  e2  are  the  line  voltage  and  the  load  voltages 
respectively,  four  electrical  conditions  must  be  fulfilled  in  an  auto- 
transformer: 

U\l\   =  Tl2t2; 

e\  -*-  e2  —  (nx  +  n2)  +  n2; 
load  current  =  i\  +  i2; 

e\i\  —  e2(ii  -f  t2). 

The  load  current,  flowing  back  to  the  point  B,  is  divided  again  into 
%i  and  i2 ;  the  former  returns  to  the  line,  the  latter  circulates  between  the 
winding  BC  and  the  load. 

An  auto-transformer  may  be  used  for  raising  voltages  as  well  as  for 
lowering  voltages.  If,  for  instance,  the  voltage  of  the  line  is  100  volts, 
the  line  may  be  connected  to  the  points  B  and  C,  and  a  voltage  of  300 
volte  made  available  between  A  and  B. 

392.   EXPERIMENT  19-C.  —  Loading  an  Auto-Transformer.  — 

The  purpose  of  the  experiment  is  to  illustrate  the  relations  of  the  preced- 
ing article.  The  experiment  is  performed  in  a  manner  similar  to  experi- 
ment 19-B  above.  Use  an  auto-transformer  with  regulating  taps,  or  one 
winding  of  an  ordinary  transformer,  if  it  is  provided  with  taps.  In  some 
cases  an  auto-transformer  may  be  improvised  by  connecting  in  series  the 
two  windings  of  an  ordinary  transformer. 

(a)  First  determine  the  ratio  of  voltages  without  load.  Connect 
the  two  outside  points  of  the  winding  to  the  source  of  supply,  and 
measure  the  voltages  between  the  various  taps.  Also  apply  a  voltage 
across  a  part  of  the  winding,  and  read  the  higher  voltage  resulting  across 
the  total  winding.  In  doing  so,  be  careful  to  have  enough  turns  in 
the  part  of  the  winding  connected  across  the  line,  so  as  not  to  draw 
an  excessive  current. 

(6)  Connecting  to  a  suitable  tap,  load  the  transformer,  as  in  Fig. 
313,  having  ammeters  connected  so  as  to  read  the  primary  and  the 
secondary  currents  and  the  current  in  the  load.  One  voltmeter  and  one 
ammeter  in  connection  with  a  polyphase  board    (§  49)  are  sufficient 
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for  the  purpose.  Gradually  increase  the  load  from  zero  to  a  permissible 
maximum,  reading  all  the  currents  and  voltages. 

(c)  Repeat  the  same  experiment  with  a  few  other  taps,  taken  nearer 
to  A  or  to  B.  In  the  latter  case,  be  sure  not  to  overload  the  part  BC 
of  the  winding,  as  the  current  V2  increases  inversely  to  the  number  of 
turns.  Before  leaving  the  laboratory  ascertain  the  number  of  turns 
between  the  various  taps. 

Report.  Make  a  diagram  of  connections,  and  write  on  it  per  cent 
voltage  at  different  taps.  Plot  t'i  and  ?2  to  load  amperes  as  abscissa*, 
for  a  few  taps.  Show  that  the  four  conditions  mentioned  in  the  previous 
article  are  fulfilled. 

TESTING    INSULATION. 

393.  Samples  of  insulating  materials,  used  in  the  construction  of 
electrical  machinery,  are  tested  for  dielectric  strength,  before  the 
materials  are  accepted.  This  is  done  by  applying  to  the  sample  a  high 
voltage  until  it  is  pierced  through  by  the  electric  spark.  This  is  similar 
to  testing  mechanical  strength  of  materials.  In  using  insulating; 
materials  a  factor  of  safety  is  assumed,  as  in  the  case  of  structural  iron 
or  machine  parts.  Thus,  for  instance,  a  sample  of  insulation,  which 
can  stand  10,000  volts  as  a  limit,  would  not  be  used  for  a  strain  higher 
than  2000  volts  in  a  lighting  transformer,  thus  allowing  for  a  factor  of 
safety  equal  to  five. 

The  most  important  materials  used  as  electrical  insulation  are: 
Impregnated  cloths  and  fabrics,  treated  paper  and  other  fibrous 
materials,  rubber,  glass,  porcelain  and  mica.  Wire  used  for  windings  is 
usually  double-cotton  insulated  (magnet  wire) ;  the  coils,  after  being; 
wound,  are  impregnated  in  special  insulating  varnishes  which  increase 
the  insulating  properties  of  cotton,  and  preserve  it  from  atmospheric 
influences.  A  great  majority  of  modern  transformers  are  oil-immersed, 
so  that  oil  must  be  added  to  the  list  of  insulating  materials. 

High  voltages  necessary  for  testing  are  obtained  by  means  of  special 
transformers  (Fip;.  318),  so-called  testing  transformers.  No  large  out- 
put is  required  of  such  transformers,  but  they  must  give  very  high  volt- 
ages, and  these  voltages  must  be  easily  adjustable  within  a  wide  range. 

394.  Description  of  a  Testing  Transformer.  —  A  convenient 
arrangement  for  testing  insulation,  as  well  as  for  other  high-tension  ex- 
periments, is  shown  in  Fig.  318.  Two  transformers  are  used:  one  is  the 
testing  transformer  proper,  the  other  serves  for  regulating  the  voltage. 
The  testing  transformer  should  preferably  have  no  taps,  to  insure  a 
better  insulation.  It  is  well  to  interpose  a  third  transformer,  the  so- 
called  insulating  transformer,  with  a  "one  to  one"  ratio   between  the 
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regulating  and  the  testing  transformer;  this  is  an  additional  safeguard 
to  the  operator  in  case  of  defective  insulation.  The  sample  /  to  be 
tested  is  placed  in  the  glass  case  GG.  The  switches  kk,  mounted  on 
the  doors  of  the  caste,  are  connected  into  the  low-tension  supply  circuit. 
This  is  done  for  the  safety  of  the  operator:  in  order  to  reach  the  sample, 
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Fi«.  318.    Diagram  of  connections  for  disruptive  tests  on  insulation. 

he  has  to  open  the  doors  of  the  glass  case,  and  to  do  this  he  has  to  open 
the  switches  kk,  thus  disconnecting  the  transformer  from  the  source  of 
supply. 

The  details  of  the  circuit  are  as  follows:  The  current  from  a  low- 
pressure  supply  passes  through  the  circuit-breaker  C.  B.  and  through 
the  above-mentioned  safety  switches  kk  to  the  main  switch  M.  S.  and 
to  the  primary  of  the  regulating  transformer.  The  secondary  of  this 
transformer  is  wound  in  six  sections,  five  of  them  being  used  for  coarse 
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regulation  and  the  sixth  for  fine  regulation.  Coarse  regulation  is 
obtained  by  throwing  the  switches  a,  b,  c,  d  and  e  to  the  right;  fine 
regulation  is  done  by  the  handle  F.  The  secondary  of  the  regulating 
transformer  is  connected  directly  to  the  primary  of  the  testing  trans- 
former, the  voltage  being  here  raised  many  times.  For  instance,  the 
regulating  transformer  may  be  made  to  raise  the  voltage  from  110  to 
2000  volts,  and  the  testing  transformer  wound  with  the  ratio  100:1; 
such  a  combination  gives  testing  voltages  up  to  200,000  volts. 

The  electric  pressure  across  the  sample  under  test  is  measured  by  the 

voltmeter  V  connected  to  the 
low-tension  side  of  the  testing 
transformer,  it  being  only 
necessary  to  multiply  volt- 
meter indications  by  the  ratio 
of  transformation.  Some- 
times a  spark  gap  is  used  in 
parallel  with  sample  under 
test,  as  shown  in  the  sketch. 
A  table  may  be  found  in 
the  Standardization  Rules 
of  the  American  Institute  of 
Electrical  Engineers,  giving 
sparking  distances  for  various 
voltages  up  to  300,000  volts. 
Some  engineers  do  not  trust 
the  spark  gap,  and  object  to 
its  being  used.  A  spark  gap 
is,  however,  a  good  precau- 
tion against  an  accidental 
rise  of  voltage  beyond  a 
desired  limit;  as  soon  as  this  limit  is  reached  a  spark  jumps  across 
the  gap  and  the  rush  of  current  opens  the  circuit-breaker  on  the  low- 
tension  side. 

395.  Disruptive  Strength  of  Solid  Dielectrics,  Compounds,  and 
Oil.  —  Materials  like  Fuller  board,  cloth,  mica,  etc.,  may  be  conveniently 
tested  in  a  clamp,  shown  in  Fig.  319.  The  frame  FF  of  the  clamp  is 
made  of  hard-rubber,  the  metal  parts  of  brass.  The  tension  spring 
insures  the  same  tension  being  applied  to  the  samples  in  all  cases;  the 
terminal  plates  pi,  P2  have  a  loose  fit  in  the  supports  and  adapt  them- 
selves to  the  surface  of  the  sample  under  test. 

The  disruptive  strength  of  insulating  materials  is  affected  by  many 
causes:  In  the  first  place  it  depends  on  the  thickness  of  the  sample;  it 
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could  be  naturally  expected  that  a  double  thickness  of  insulation  can 
stand  a  double  voltage,  but  experience  shows  that  this  is  not  the  case; 
and  that  the  resistance  to  puncture  increases  more  slowly  than  the 
thickness.  If,  for  instance,  a  sample  0.01"  thick  can  stand  10,000  volts, 
a  sample  0.02"  thick  will  be  punctured  at  less  than  20,000  volts.  The 
cause  of  this  is  not  definitely  known;  possibly,  it  is  due  to  thicker 
samples  being  not  as  homogeneous  inside  as  thinner  ones.  At  any  rate, 
several  thin  samples  put  together  can  stand  more  than  one  thick  piece; 
therefore,  the  more  important  parts  of  insulation  of  high-tension  trans- 
formers are  always  built  of  many  thin  layers,  and  not  of  a  thick  piece 
of  insulation  which  may  have  faults  inside.  Mr.  Baur,  on  the  basis  of 
his  numerous  tests,  announoed  an  empirical  law  (BaXir's  law)  that 
dielectric  strength  increases  as  d*  where  d  is  the  thickness  of  the 
insulating  material.  According  to  this  law  if  a  sample  1  mm.  thick 
can  stand  5,000  volts  it  takes  a  sample  2*  or  about  2.8  mm.  thick  to 
stand  10,000  volts.  Another  investigator,  Dr.  Walter,  assumes  the 
law  to  be: 

break-down  voltage  =  a  +  bd, 

where  a  and  b  are  constants.  This  formula  can  be  interpreted  by 
saying  that,  in  addition  to  the  voltage  bd  for  breaking  the  material 
proper,  it  takes  an  extra  voltage  a  independent  of  the  thickness  of 
the  sample  to  break  its  surfaces.  It  would  be  premature  to  decide 
between  the  two  formulae  on  the  basis  of  the  experimental  data  on  hand. 
The  only  established  fact  is  that  the  dielectric  strength  increases  more 
slowly  than  the  thickness;  therefore,  in  all  important  cases  tests  should 
be  performed  on  samples  of  exactly  the  same  material  that  is  intended 
to  be  used  in  the  machine. 

The  other  two  factors  which  considerably  influence  the  strength  of 
insulation  are:  presence  of  moisture,  and  heat.  Most  of  the  insulating 
materials  lose  to  a  large  extent  their  good  insulating  properties  when 
subjected  to  moisture,  or  when  they  have  not  been  sufficiently  dried  out 
before  being  used;  also  when  heated  up  beyond  a  certain  temperature. 

Insulating  varnishes,  paints  and  impregnating  compounds  are  tested 
by  applying  them  in  an  even  layer  on  some  kind  of  cloth  (preferably 
linen)  and  subjecting  the  cloth  to  a  break-down  test.  By  using  always 
the  same  kind  of  cloth,  testing  it  without  varnish  and  "with  different 
kinds  of  varnishes,  various  brands  can  be  compared,  by  the  increase 
in  the  dielectric  strength  of  the  cloth. 

Insulating  oil  is  conveniently  tested  in  the  apparatus  shown  in  Fig. 
320,  devised  by  Mr.  C.  E.  Skinner.  It  consists  of  a  glass  tube  A,  filled 
with  a  definite  quantity  of  oil  under  test,  with  two  brass  balls  immersed 
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in  it  as  electrodes.  These  balls  are  set  at  a  definite  distance  apart  by 
means  of  a  micrometer  D  placed  on  top  of  the  apparatus,  and  an  electric 
pressure  is  applied  between  them  until  a  spark  jumps  through  the  oil. 
This  break-down  voltage  is  taken  as  a  measure  for  the  dielectric  strength 
of  the  oil.  By  testing  different  oils  in  the  same  vessel,  and  with  the 
same  distance  between  the  balls,  a  direct  comparison  of  different  kinds 
of  oil  is  made  possible.    After  each  test  the  oil  must  be  thoroughly 

shaken  so  as  to  mix  with  it  the 
carbon  formed  by  the  electric 
arc.  The  brass  balls  must  be 
kept  well  polished,  as  the  spark- 
ing distance  depends  essentially 
on  the  state  of  their  surfaces. 

For  oil  tests,  other  than  dis- 
ruptive strength,  see  an  article 
in  the  Electric  Club  Journal. 
1904,  p.  227. 

396.  EXPERIMENT  19-D. 
—  Insulation  Tests  with  a 
High  Tension  Transformer.— 

The  purpose  of  the  experiment 
is  to  afford  experience  in  hand- 
ling a  high-tension  transformer, 
and  also  to  learn  the  principal 
properties  of  insulating  materials 
used  in  electrical  work.  Before 
beginning  the  tests  proper,  the 
student  should  study  most  care- 
fully the  connections  of  the  test- 
ing set,  and  be  sure  that  all 
high-tension  parts  are  properly 
insulated.  The  voltages  used 
for  test  are  dangerous  to  life,  and  utmost  precautions  and  concentration 
of  attention  are  required  while  performing  the  test. 

Begin  the  experiment  by  puncturing  a  few  samples  of  different 
materials,  merely  to  observe  the  behavior  of  the  transformer,  of  the 
circuit-breaker,  spark  gap,  etc.,  and  to  get  a  general  idea  of  the  magni- 
tudes of  the  pressures  involved.  After  this,  more  systematic  tests  may 
be  made  on  a  specific  material,,  such  as  fiber,  paper  or  Empire  cloth,  of 
different  thickness,  and  also  using  several  layers  of  same  or  different 
materials  as  a  compound  insulation.    Then  the  student  may  slightly 
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strength  of  oil. 
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moisten  a  few  samples,  or  heat  them  up  and  see  how  this  affects  their 
dielectric  strength. 

It  will  be  observed  that  these  materials  differ  widely  in  the  maximum 
voltage  which  they  can  stand,  mica  being  the  best  insulator,  and  fiber 
and  wood  the  poorest,  they  being  punctured  at  many  times  lower 
pressure  than  mica,  with  the  same  thickness  of  the  sample.  Other 
insulating  materials,  Fuller  board,  treated  paper,  Empire  cloth,  etc., 
have  disruptive  strengths  between  these  extremes.  Different  samples, 
taken  even  from  the  same  piece  of  material,  may  give  considerable 
discrepancies  in  results  due  to  a  lack  of  uniformity  of  structure  and 
accidental  impurities  and  faults.  Reliable  results  can  be  obtained  only 
as  an  average  of  hundreds  of  tests  made  on  the  same  material,  by  a 
skilled  observer.  All  that  is  expected  from  the  student  in  this  exer- 
cise is  to  get  a  few  comparative  data  on  the  strength  of  different  mate- 
rials, and  to  learn  how  to  handle  a  high-tension  testing  transformer. 

Oil  is  tested  a§  is  described  in  the  preceding  article.  In  order  that 
the  student  may  see  the  importance  of  oil  as  insulation  he  should  com- 
pare the  voltage  at  which  a  spark  jumps  between  the  two  brass  balls 
in  the  oil-testing  apparatus,  with  and  without  oil.  It  will  be  found  that 
the  voltage  is  much  higher  when  the  balls  are  immersed  in  oil.  Having 
tested  a  sample  of  oil,  add  to  it  a  few  drops  of  water  and  see  how  markedly 
it  affects  the  insulating  properties  of  the  oil;  the  same  thing  will  be 
observed  if  a  small  amount  of  acid  is  added. 

It  is  recommended  that  the  student  also  puncture  some  other  kinds 
of  insulation  important  in  electrical  work,  for  instance,  porcelain 
insulators,  and  insulated  wires  used  on  electric  lines.  These  articles  are 
tested  under  the  most  unfavorable  conditions  met  with  in  practice, 
namely  wet.  Insulators  are  turned  upside  down  and  immersed  in  salt 
water  which  serves  as  one  terminal;  the  other  terminal  is  applied  to  the 
inside  of  the  insulator,  also  filled  with  water.  Insulated  wires  are  tested 
immersed  in  water,  the  pressure  being  applied  between  the  core  and  the 
water;  it  is  required  that  the  wire  be  immersed  for  twenty-four  hours 
before  the  test. 

Purely  electrical  tests  as  described  above  are  not  sufficient  for  finally 
approving  an  insulating  material  for  use.  It  must  possess,  in  addition, 
certain  mechanical  and  chemical  properties  without  whicH  it  could  not 
be  used  in  commercial  apparatus.  Thus,  for  instance,  solid  insulators 
should  not  be  brittle,  or  affected  by  acid  and  fumes;  they  should  be 
easily  machined,  not  deteriorate  with  time,  etc.  All  such  tests  are,  for 
obvious  reasons,  outside  the  scope  of  the  above  laboratory,  exercise. 

References.  A  very  clear  and  complete  book  on  The  Insulation  of 
Electric  Machines  is  that  by  Turner  and  Hobart.     This  book  contains 


434  TRANSFORMERS.  [Chap.  19 

most  of  the  noteworthy  results  obtained  by  different  investigators  of 
insulating  materials;  moreover,  it  contains  a  complete  bibliography  on 
the  subject  (pp.  272-279).  Chapter  II  of  this  book,  treating  on  general 
properties  of  insulating  materials,  may  be  consulted  in  connection  with 
this  exercise,  and  also  Chapter  XXII,  "  Specifications  for  Insulation/' 
The  rest  of  the  book  is  devoted  to  a  detailed  description  of  properties, 
tests  and  processes  of  manufacture  of  various  insulating  materials. 
Recommendations  of  the  American  Institute  of  Electrical  Engineers,  in 
regard  to  testing  for  dielectric  stiength,  may  be  found  in  the  report  of 
their  Committee  on  Standardization.  For  a  series  of  good  articles  by 
Mr.  C.  E.  Skinner,  on  testing  insulation,  see  the  Electric  Journal,  1905, 
beginning  on  p.  615. 

COMMERCIAL   TESTS    ON   TRANSFORMERS. 

397.  Transformers  are  ordinarily  tested  for: 

(a)  Efficiency; 

(b)  Temperature  rise  during  continuous  operation; 

(c)  Voltage  regulation  determined  by  the  voltage  drop  inside  of  the 
transformer  itself. 

The  methods  for  testing  transformers  for  these  requirements  are 
described  below. 

(a)     Efficiency.  \ 

398.  Efficiency  from  Losses.  —  The  direct  way  for  measuring  the 
efficiency  of  a  transformer  would  be  to  have  it  actually  loaded  and  to 
read  the  output  and  the  input  by  means  of  wattmeters  in  the  primary 
and  in  the  secondary  circuits;  their  ratio  would  give  directly  the  efficiency 
of  the  transformer.     However,  this  direct  method  has  serious  draw-  | 
backs,  and  is  hardly  ever  used  in  practice.     It  involves  the  use  of  a 
wattmeter  on  the  high-tension  side;  it  requires  an  utmost  accuracy  of 
calibration  of  the  wattmeters  because  the  difference  in  the  values  to  be 
read  is  but  a  few  per  cent.     Moreover,  with  large  transformers  the  amount 
of  power  required  for  a  full-load  test  is  not  always  available.     Therefore,  j 
it  is  customary  to  measure  the  losses  in  a  transformer  separately  (at 
no  load),  and  then  to  calculate  the  efficiency;  this  can  be  done  with 
much  simpler  means  and  with  a  considerably  greater  accuracy,  than  is  I 
possible  with*  the  direct  method. 

The  losses  in  a  transformer  consist  of  I2R  or  copper  losses  in  both 
windings,  and  of  iron  loss,  also  commonly  called  care  loss  (hysteresis 
and  eddy  currents).  Copper  loss  depends  on  the  load  exclusively,  and 
can  be  easily  calculated  for  any  load,  if  the  resistances  of  both  windings 
are  known.  Iron  loss  depends  only  on  the  magnetic  flux,  and  is  practi- 
cally independent  of  the  load.    This  follows  from  the  fact  that,  the 
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impressed  voltage  being  constant,  the  flux  is  also  nearly  constant 
(neglecting  the  primary  drop).  Therefore  the  iron  loss  can  be  deter- 
mined at  no  load  and  assumed  to  be  the  same  at  all  loads.  Resistances 
are  usually  measured  by  the  drop-of-potential  method;  core  loss  is  deter- 
mined from  the  no-load  reading  of  the  wattmeter. 

As  an  illustration,  suppose  that  it  is  required  to  determine  the 
efficiency  of  a  2200  to  110- volt,  5-kw.  transformer  at  f  load.  Let  the 
resistances  of  the  windings  be  10.7  ohms  and  0,026  ohm  respectively, 
and  the  iron  loss,  as' determined  by  a  wattmeter  at  no  load,  be  equal 
to  96  watts.  At  three-quarters  load  the  output  of  the  transformer  is 
3.75  kw.,  or  34.2  amperes  at  110  volts.  The  primary  current  is  Jv  of 
this,  or  1.71  amperes;  thus  we  have: 

Primary  copper  loss  =  L712  X  10.7  =  31.2  watts. 
Secondary  copper  loss  =  34i22  X  0.026  «  30.4  watts. 
Iron  loss =96  watts. 


Total  losses  at  }  load  157.6  watts. 

Efficiency  —  -— - =  about  96  per  cent. 

o750  -h  157.6 

In  this  way,  data  for  any  load  may  be  obtained,  and  an  efficiency  curve 
may  be  plotted  from  no  load  up  to,  say,  50  per  cent  overload. 

399.  EXPERIMENT  19-E.  — Efficiency  of  a  Transformer  from 
its  Losses.  —  The  experiment  comprises  three  distinct  measurements: 

( 1 )  Ratio  of  transformation ; 

(2)  Resistances  of  windings; 

(3)  Core  loss. 

The  ratio  of  transformation  is  determined  by  voltmeters,  as  in  §  388. 
The  resistances  of  the  windings  are  measured  with  direct  current,  by 
the  drop-of-potential  method.  As  the  resistance  -of  the  low-tension 
winding  is  usually  much  smaller  than  that  of  the  high-tension  winding, 
it  may  be  necessary  to  use  different  ammeters  and  voltmeters.  Always 
removet  he  voltmeter  leads  when  opening  or  closing  the  circuit 
especially  on  the  high-tension  side;  the  inductive  kick  may  damage  the 
instrument. 

The  core  loss  is  measured  by  a  wattmeter,  as  in  Fig.  185.  It  is  not 
necessary  to  measure  it  from  the  high-tension  side;  110  volts  applied  on 
the  low-tension  side  produce  the  same  flux  and  give  the  same  core  loss 
as  2200  volts  applied  on  the  high-tension  side.  Take  curves  of  core 
loss  and  magnetizing  current  from  zero  voltage  to  about  50  per  cent  over- 
potential.     In  performing  this  measurement,  be  sure  to  disconnect  the 
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high-tension  side  from  the  power  supply,  in  order  not  to  make  a  short 
circuit.  Also  remember  that  high-tension  terminals  become  alive  the 
moment  a  voltage  is  put  on  the  low-tension  terminals;  in  order  to  avoid 
the  possibility  of  a  fatal  mistake,  it  is  best  to  have  the  high-tension 
leads  taped  up. 

Report.  Give  the  ratio  of  transformation,  the  resistances  of  the 
windings,  and  plot  curves  of  magnetizing  current  and  iron  loss,  to 
volts  as  abscissae.  Plot  an  efficiency  curve  and  separate  losses,  to  kilo- 
watts load  as  abscissae,  up  to  50  per  cent  overload.  Indicate  by  crosses 
on  the  same  curve  sheet  the  values  of  efficiency  at  full  load  and  of  the 
losses,  when  the  supply  voltage  is  10  per  cent  above  or  below  rated. 

(b)     Temperature  Rise. 

400.  —  Safety  of  operation  of  a  transformer  depends  essentially  on 
the  maximum  temperature  which  it  attains  under  load.     An  insulation 
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which  can  stand  a  considerable  over-potential  at  ordinary  temperatures, 
easily  breaks  down  when  subjected  to  a  sufficiently  high  temperature; 
transformer  iron  undergoes  so-called  "ageing"  under  the  influence  of 
heat,  its  properties  being  changed  so  that  the  hysteresis  loss  increases 
considerably.  This  in  turn  increases  the  temperature  of  the  trans- 
former. Therefore  a  test  for  temperature  rise  under  actual  load  con- 
ditions is  one  of  the  most  important  practical  transformer  tests 
(Fig.  321). 

A  transformer  heats  up  in  operation  because  of  its  core  loss  and  of 
the  PR  loss  in  its  windings.  Core  loss  depends  on  the  flux  in  the  iron, 
or,  which  is  the  same,  on  the  applied  voltage,  and  is  practically  inde- 
pendent of  the  load;  copper  loss  is  directly  proportional  to  the  square  of 
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the  current  flowing  through  the  windings.  Therefore,  in  order  to 
determine  temperature  rise  in  a  transformer,  it  must  be  subjected  to  its 
full  rated  voltage  and  full-load  current  simultaneously. 

Such  a  test  offers  no  difficulties  with  small  lighting  transformers, 
which  can  be  loaded  on  lamp  rheostats,  etc.;  but  with  large  high- 
tension  transformers  a  load  test  is  not  only  difficult  and  expensive,  but 
in  many  cases  impossible.  When  two  similar  transformers  are  avail- 
able one  transformer  can  be  loaded  on  the  other,  and  this  latter  con- 
nected back  to  the  source  of  supply,  so  that  no  power  is  wasted  except 
that  necessary  for  supplying  the  losses  in  both  transformers.  This 
so-called  "  pumping  back  "  method,  also  known  as  the  "stray  power," 
or  "opposition  "  method,  is  often  used  not  only  in  application  to  trans- 
formers, but  to  generators  and  motors  as  well  (see  Chapter  XVIII). 

401.  Opposition  Test  on  Transformers,  —  The  connections  for  an 
opposition  heat  test  on  two  trans- 
formers are  shown  in  Fig.  322.  A  and 
B  are  the  two  transformers  under 
test;  their  low-tension  windings  are 
connected  in  parallel  to  the  power 
supply,  and  the  high-tension  windings 
are  connected  in  opposition  to  each 
other.  As  the  transformers  are  iden- 
tical, no  current  flows  through  their 
secondaries,  and  but  a  small  magnetiz- 
ing current  flows  through  the  low- 
tension  windings.  At  the  same  time 
full  iron  loss  takes  place  in  the  cores 
of  the  transformers,  they  being  sub- 
jected to  the  full  rated  voltage.  If  now  a  full-load  current  should  be 
made  to  circulate  in  the  windings,  the  transformers  would  be  under 
the  same  conditions  of  heating,  as  under  actual  full  load.  As  we  are 
here  concerned  with  PR  loss  only,  it  is  not  necessary  that  the  heating 
current  should  be  an  alternating  current  of  the  right  frequency;  it  may 
be  a  current  of  any  frequency,  or  even  a  direct  current.  If  no  suitable 
alternating  current  is  available,  both  the  high- and  the  low-tension 
circuits  can  be  opened  at  some  place,  and  sources  of  direct  current 
introduced,  sufficient  to  produce  the  desired  currents  in  the  windings. 

A  more  convenient  method  is  to  open  but  one  of  the  circuits,  say 
the  primary,  and  to  introduce  there  a  comparatively  low- voltage  source 
of  alternating  current  of  any  frequency.  This  auxiliary  source  is 
shown  in  figure  in  the  form  of  a  transformer  C.  By  regulating  the 
voltags  of  this  source,  a  full-load  current  can  be  produced  in  the  primaries 


Fio.  322.    Heat  run  on  two  trans- 
formers connected  in  opposition. 
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of  the  transformers  under  test;  this  current  induces  in  turn  a  full-load 
current  in  the  secondaries,  which  thus  need  not  be  opened  for  any  pur- 
pose. This  is  very  convenient,  since  the  secondaries  are  usually  wound 
for  comparatively  high  voltages. 

In  this  test  the  transformers  are  under  actual  load  conditions  in  so 
far  as  the  losses  and  heating  are  concerned;  at  the  same  time,  the 
energy  supplied  from  outside  is  merely  sufficient  to  cover  the  losses. 
For  instance,  with  two  1000-kw.  transformers  having  a  full-load 
efficiency  of  about  98  per  cent,  the  total  expenditure  of  power  with  the 
above  test  would  be  but  40  kw. 

When  but  one  transformer  is  available,  the  same  test  may  be  per- 
formed by  connecting  in  opposition  the  two  halves  of  both  windings. 
402.   Extrapolation  of  Heating  Curves.  —  Commercial  transformers 
usually  attain  their  final  temperature  after  a  full-load  run  of  10  hours  or 

thereabouts;  there- 
fore it  is  out  of  the 
question  to  attain 
this  final  state 
during  a  laboratory 
exercise.  The 
following  method 
makes  it  possible 
to  predict  the  final 
temperature,  and 
also  to  figure  out 
approximately  the 
maximum  load  which  the  transformer  under  test  can  carry  continually. 
Let  OMQ  (Fig.  323)  be  the  "heating"  curve  of  a  transformer,  or 
the  curve  of  temperature  rise  with  time.  Assume  that  only  the 
part  OM  could  be  determined  experimentally,  and  that  it  is  required 
to  find  the  position  of  the  line  PQ  of  the  ultimate  temperature  rise, 
also  to  construct  a  portion  of  the  curve  beyond  M .  The  method  for 
doing  this  is  given  below  without  proof;  for  a  mathematical  proof  of  the 
formulae  used,  the  reader  is  referred  to  §§  405  and  406. 

Let  abscissae  of  the  heating  curve,  representing  time,  be  denoted  by  x, 
and  ordinates,  or  temperature  rise  above  air,  by  T.  Let  the  abscissa 
and  the  ordinate  of  the  point  Mbex4  and  T4.  Divide  x4  into  four  equal 
parts  corresponding  to  the  points  with  abscissae: 


Tlm« 


Fio.  328.    Analysis  of  heating  and  cooling  curves. 


*1   -  Xi 

x2  =»  2x\ 
Xz  =  3^! 
X4  =  4xi, 


a) 
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Measure  the  corresponding  ordinates  Tu  T2,  T3  and  T4f  and  calculate 

the  expression  

z  =  JTJ  -  T* (2) 

The  ultimate  temperature  rise,  or  the  distance  of  PQ  from  the  axis 
of  absciss®,  may  be  calculated  from  any  one  of  the  four  expressions 
below: 

A T-±- 

1  -z 

T2 


A  = 
A- 


1-z2 
1  -«» 


A       l-z* 


(3) 


It  is  well  to  determine  A  from  all  the  four  expressions  (3)  and  to  take 
an  average,  in  order  to  allow  for  irregularities  of  the  curve. 

If  it  is  desired  to  continue  the  curve  beyond  M,  take  points  x6  =  5  x, 
x6  =  6  x,  etc.,  and  calculate  the  corresponding  ordinates  T5,  T6,  etc., 
from  the  expressions 


T5 


1  -  ** 
A=      T*    - W 

1    -Tfi 


which  are  analogous  to  (3),  and  in  which  A  and  z  are  known  quantities. 

Theory  and  experience  show  that  heating  curves  such  as  OM  are 
exponential  curves  (see  equation  (7)  in  §  405).  Therefore,  instead  of 
extrapolating  by  means  of  the  equations  (4),  OM  may  be  plotted  to  PQ 
as  abscissas,  using  a  logarithmic  scale.  This  converts  the  curve  into  a 
straight  line  which  is  then  easily  produced  to  any  desired  points;  the 
ordinates  thus  obtained  are  plotted  again  to  an  ordinary  scale. 

403.  Use  of  the  Cooling  Curve.  —  In  some  cases  the  "  cooling  " 
curve  of  the  transformer  is  available  (Fig.  323),  or  the  curve  which 
gives  temperatures  of  the  transformer  left  to  cool,  after  having  been 
heated,  the  power  being  shut  off.  This  curve  may  be  used  in  addition 
to  the  curve  OM  in  order  to  find  the  ordinate  A  and  to  extrapolate  the 
heating  curve  beyond  the  point  M.  Namely,  the  theory  shows  (see 
I  405)  that 

T-A(l-J-)     ... (5) 
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where  T}  as  before,  is  an  ordinate  of  the  heating  curve,  such  as  DK, 
t  is  the  corresponding  ordinate  kD  of  the  cooling  curve,  and  to  is  the 
initial  temperature  on  the  cooling  curve. 

The  cooling  curve  is  supposed  to  be  given  throughout  its  whole 
working  range;  at  any  rate,  being  an  exponential  curve,  it  may  be  easily 
extrapolated  by  being  plotted  to  a  logarithmic  scale,  which  converts  it 
into  a  straight  line. 

Take  a  point  K  for  which  both  T  =  DK  and  t  =  Dk  are  known; 
substituting  these  values  in  equation  (5),  determine  A  =  DN.  Do 
this  for  a  sufficient  number  of  points  on  the  part  OM  of  the  heating 
curve,  so  as  to  be  able  to  draw  the  line  PQ  of  the  ultimate  temperature 
rise  with  sufficient  accuracy.  To  find  points  on  the  heating  curve 
beyond  M  the  same  equation  (5)  is  used;  the  coefficient  .drisnow  known, 
and  T  can  be  calculated  for  any  value  of  L 

It  is  interesting  to  note,  that  any  point  on  the  cooling  curve  may  be 
selected  for  to,  because  only  the  ratio  t  to  to  enters  into  calculations,  and 
this  ratio  is  constant  for  an  exponential  curve. 

The  above  formulae  and  deductions  have  a  practical  meaning  only 
when  the  temperatures  of  different  parts  within  the  transformer  are 
fairly  uniform,  which  is  the  case  in  a  transformer  designed  along 
rational  lines.  Otherwise,  the  temperature  T  in  the  heating  curve  has 
no  definite  meaning;  T  for  some  parts  of  the  transformer  may  be  far 
beyond  the  safe  limit,  though  the  average  T  may  not  be  excessive.  In 
oil-filled  transformers  differences  of  temperature  in  different  parts  are 
never  very  great,  and  it  is  sufficient  for  the  above  purpose,  to  take 
the  temperature  of  oil  as  an  indication  of  the  average  temperature 
of  the  transformer. 

404.   EXPERIMENT  19-F.  —  Heat  Run  on  Transformers. —The 

experiment  should  be  performed  on  two  identical  transformers,  as  in  Fig. 
322.  An  auto-transformer  with  regulating  taps  may  be  used  for  the 
"booster  "  transformer  C.  Insert  thermometers  into  the  oil,  and  upon 
the  iron  and  windings;  adjust  the  currents  and  the  voltages  to  corre- 
spond to  the  desired  load. 

When  performing  this  test  the  student  should  bear  in  mind  that  the 
secondary  winding  is  subjected  to  a  high  voltage  the  instant  a  low 
voltage  is  applied  to  the  primary  winding.  Therefore  the  student  must 
be  careful  not  to  put  on  any  voltage  whatsoever,  until  explicitly  told  to  do  so 
by  the  instructor,  and  should  not  touch  any  windings  while  the  trans- 
former is  under  test. 

The  temperature  rise  of  the  windings  must  be  calculated  from  the 
increase  of  resistance,  the  measurements  being  performed  at  the  begin- 
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ning,  at  the  end  of  the  run,  and  a  few  times  during  the  test.  This  is 
necessary  because  the  thermometers  show  the  temperature  of  the 
external  part  of  the  insulation  only,  while  the  temperature  inside  of  the 
coil  may  be  appreciably  higher  (Fig.  321).  The  resistance  is  measured 
by  the  drop-of-potential  method,  using  direct  current  (5  7).  In  measur- 
ing the  resistance  during  the  heat  test  the  readings  must  be  made  as 
rapidly  as  possible,  in  order  to  prevent  the  transformer  from  getting 
cooled  off.  The  best  scheme  is  to  have  a  double-throw  switch  arranged 
so  that  the  transformer  can  be  instantly  switched  from  alternating 
current  over  to  direct  current  and  back.  Be  sure  to  remove  the  volt- 
meter leads  when  the  current  is  on  and  off,  because  a  high  induced  e.m.f. 
during  the  variable  state  of  the  current  may  burn  out  the  voltmeter. 

(a)  Measure  the  cold  resistances,  and  then  begin  the  temperature  run 
proper.  Keep  the  load  constant,  read  thermometers  every  five 
minutes,  and  from  time  to  time  measure  resistances,  as  a  check.  The 
time  usually  allotted  for  a  laboratory  experiment  is  not  sufficient  for 
obtaining  the  final  temperature  of  the  transformer.  Unless  the  cir- 
cumstances allow  of  taking  a  continuous  run  of  from  8  to  10  hours,  the 
student  will  have  to  extrapolate  the  heating  curve,  as  explained  in  §  402. 
It  is  well  to  run  the  test  on  an  overload,  so  as  to  get  a  sufficient  rise  of 
temperature  within  two  or  three  hours. 

(b)-  After  the  heat  test  take  a  core-loss  curve  within  a  wide  range  of 
voltages.  This  curve  may  be  of  use,  should  the  results  of  the  tempera- 
ture run  show  that  the  temperature  rise  is  too  large  or  too  small,  for 
then  it  is  possible  to  tell  by  how  much  to  change  the  voltage  (or  the 
current)  in  order  to  bring  the  temperature  rise  to  the  desired  value. 
Suppose,  for  instance,  the  final  temperature  rise  of  a  transformer  to  be 
70  degrees  C.  above  the  surrounding  air.  This  is  more  than  the  safe  limit, 
50  degrees  C.  allowed  for  ordinary  transformers.  Now  the  rating  of  the 
transformer  for  continuous  load  can  be  figured  out  as  follows:  Suppose 
that  the  iron  loss  during  the  test  was  550  watts  and  the  copper  loss  850 
watts.  Thus,  a  total  loss  of  1400  watts  causes  a  temperature  rise  of  70 
degrees;  the  loss  that  corresponds  to  a  temperature  rise  of  50  degrees  is 
therefore  equal  to 

1400  X  ^=  1000  watts, 

which  allows  1000  —  550  =»  450  watts  for  copper  loss.  Consequently,  the 
current  during  the  test  was 

times  higher  than  should  be  allowed  in  continuous  operation. 
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It  may  occur  that  a  transformer  is  run  at  such  a  high  voltage  that  the 
temperature  limit  is  exceeded  with  iron  loss  alone,  at  no  load.  This 
will  show  that  the  transformer  has  been  designed  for  a  lower  voltage, 
or  a  higher  frequency;  for  the  iron  loss  depends  on  the  flux,  and  the  flux 
decreases  directly  with  the  voltage  and  inversely  with  the  frequency. 

Report.  Plot  the  core-loss  curve  to  volts  as  abscissae,  and  the  heat- 
ing curve  to  time  as  abscissas.  Calculate  the  ultimate  temperature  rise, 
as  explained  in  §  402.  or  according  to  the  method  stated  in  §  403.  It 
may  occur  that  the  load  or  the  voltage  selected  for  the  test  was  too 
high  for  the  transformer,  so  that  the  ultimate  temperature  rise  A  is 
beyond  that  which  the  insulation  of  the  transformer  can  safely  stand. 
If  this  is  the  case,  the  student  is  expected  to  find  out  how  many  hours 
the  transformer  can  stand  this  load  until  the  highest  allowable  tem- 
perature rise  of  50  degrees  C.  is  reached.  Also,  what  is  the  maximum 
load  and  voltage  which  the  transformer  can  carry  indefinitely;  in  other 
words,  what  should  be  the  true  rating  of  the  transformer. 

405.  Equations  of  Cooling  and  Heating  Curves.  — The  mathe- 
matical expressions  for  heating  and  cooling  curves  (Fig.  323)  will  now  be 
deduced.  We  shall  make  the  assumption  that  the  heat  exchange  between 
a  warm  body  and  the  surrounding  air  is  proportional  to  the  excess 
of  temperature  of  this  body  above  that  of  the  air.  This  assumption  is 
confirmed  by  experience,  at  least  within  the  limits  of  temperatures  at 
which  electrical  machinery  is  operating. 

(a)  Cooling  Curve.  Let  the  excess  of  temperature  of  a  cooling  body 
over  that  of  the  air  be  t  degrees  Centigrade,  and  let  K  be  the  number  of 
watts  radiated  in  one  second,  when  the  difference  in  temperature  between 
the  body  and  the  surrounding  air  is  one  degree  Centigrade.  Then  the 
number  of  watts  radiated  during  an  infinitesimal  element  of  time  dx, 
is 

Kt.  dx. 

On  the  other  hand,  if  C  is  the  number  of  watts  it  is  necessary  to  com- 
municate to  the  body  in  order  to  raise  its  temperature  by  one  degree 
Centigrade,  and  dt  is  the  decrease  in  temperature  during  the  time 
dx,  the  body  must  have  lost  Cdt  watts,  radiated  through  its  surface. 
Thus,  we  have 

Kt.dx  +  C  .dt  -  0. 

The  integral  of  this  equation  is 

K  to 

C  Xwmt°9f> 

where  to  is  the  initial  difference  of  temperature,  i.e.  when  x  «■  0.  The 
integration  can  be  easily  checked  by  differentiating  the  result.     Denoting 
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the  ratio  K  to  C  by  B,  and  eliminating  the  logarithms,  we  get  the  fol- 
lowing equation  of  the  cooling  curve: 

t  -  to  .  e  -B* (6) 

where  e  is  the  basis  of  Naperian  logarithms;  B  is  a  coefficient  which 
characterizes  the  thermal  properties  of  the  transformer. 

(6)  Heating  Curve.  In  deducing  the  equation  of  the  heating  curve, 
we  assume  that  W  watts  are  being  continually  communicated  to  the 
body  from  an  external  source,  and  are  converted  into  heat.  In  the 
specific  case  under  consideration,  W  represents  the  iron  loss  and  the 
copper  losses  in  the  transformer.  The  body  loses  by  radiation,  as 
before,  K  T.  dx  watts  and  its  increase  in  temperature  dT  is  due  to  the 
difference  Wdx  —  KT.  dx  watts,  or 

W.dx-  KT.dx  =  C.dT. 
The  integral  of  this  equation  is 

T  -  A  (1  -  e-**) (7) 

which  can  be  easily  checked  by  differentiating  it.  In  this  formula  B 
has  the  same  value  as  in  (6),  and  A  =  W  +  C  is  the  ultimate  tempera- 
ture rise  after  an  infinite  time  (Fig.  323).  Substituting  the  value  of 
e~Bx  from  (6)  into  (7)  the  equation  of  the  heating  curve  is  reduced  to 
the  following  simple  form: 

r- *('-£) » 

This  is  the  formula  used  in  §  403  above  for  extrapolating  the  heating 
curve. 

406.  Theory  of  Extrapolation  of  Heating  Curves.  —The  method 
of  extrapolation,  given  in  §  402  without  proof,  may  now  be  deduced 
from  equations  (6)  and  (7). 

Writing  (7)  for  the  points  corresponding  to  (1),  we  have: 

Tx  -  A  (1  -  e~Bx*  ) 
T2  =  A  (1  -  e-2B*>) 
Tz  -  A  (l  -  e~ZBx>) 
T4  -  A  (l  -  «-***) 
To  eliminate  A,  form  the  expression 

T<  -  T3  _  e~3B*-  e-43"       e~^  (l  -  e~B")  _    .^ 
T2  -  Ti      e~Bx>  -  e-28*        <TBx*  (l  -  e~fe0       6 

from  which  

e-Bxi=J  T*~  T* (9) 

this  expression  is  denoted  for  brevity  by  z  in  equation  (2). 


(8) 
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Substituting  (9)  in  (8)  the  equations  (3)  are  obtained,  and  the 
method  is  thus  proved.  Equation  (5)  is  obtained  by  substituting  e~** 
from  (6)  in  (7). 

(c)     Voltage  Regulation, 

407.  The  term  "regulation  "  generally  refers  in  electrical  engineering 
to  variations  in  voltage  at  the  terminals  of  an  apparatus,  under  dif- 
ferent load  conditions.  More  specifically,  regulation  is  defined,  in 
this  country,  as  per  cent  rise  in  voltage,  when  the  full  rated  load  is 
suddenly  thrown  off  the  machine,  all  other  conditions  remaining  the 
same.  Thus,  if  a  transformer  gives  its  rated  secondary  pressure  of  1 10 
volts  at  full  non-inductive  load,  and  the  voltage  rises  to  113  volts  when 
the  load  is  thrown  off  (the  primary  voltage  being  kept  constant),  the 
regulation  of  the  transformer  by  definition  is: 

113  -  110       0^0 

=  2.73  per  cent. 


110 

The  question  of  regulation  is  of  great  practical  importance,  particularly 
in  case  of  lighting  transformers,  where  a  difference  of  even  two  per  cent 
between  the  no-load  and  the  full-load  voltage  is  quite  appreciable  in 
the  quality  and  quantity  of  light  given  by  incandescent  lamps.  In 
transformers  used  on  power  circuits  this  is  not  so  important,  except 
where  incandescent  lamps  are  connected  to  the  same  circuit.  In  this 
case  the  requirements  for  regulation  must  be  very  strict,  because  the 
inherent  regulation  of  a  transformer  on  inductive  loads  is  worse  than 
on  non-inductive  load. 

In  many  cases  it  is  difficult  to  measure  voltage  drop  and  regulation 
under  actual  load  conditions.  Take,  for  instance,  the  case  of  a  2000-kw., 
60,000  to  10,000- volt  transformer:  It  is  difficult  to  find  a  rheostat  for 
loading  such  a  transformer,  and  also  a  voltmeter  that  would  measure 
a  few  per  cent  drop  at  such  voltages  with  sufficient  accuracy. 

Therefore  a  method  has  been  devised  which  permits  the  pre-4eur- 
mination  or  calculation  of  the  regulation  of  a  transformer  from  a  simple 
short-circuit  test.  Such  a  test  requires  power  to  but  a  few  per  cent  of 
the  rated  capacity  of  the  apparatus,  and  may  be  performed  with  a 
comparatively  low  voltage.  The  method  is  analogous  to  that  described 
in  §  276  for  the  predetermination  of  regulation  of  transmission  lines. 

408.  Predetermination  of  Regulation  of  a  Transformer.  —  Volt- 
age drop  in  a  transformer  is  caused  chiefly  by  the  inductance  of  the 
windings;  also  to  some  extent  by  their  ohmic  resistance.  The  induct- 
ance is  caused  by  leakage  fluxes,  which  surround  one  of  the  windings, 
without  being  interlinked  with  the  other  winding. 
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The  voltage  0A2  at  the  secondary  terminals  is  smaller  than  the 
induced  secondary  e.m.f.  0E2  by  the  amount  E2A2  representing  the 
secondary  drop.  This  drop  again  consists  of  two  components,  one 
parallel,  the  other  perpendicular  to  the  vector  of  the  current  t2. 

It  will  be  noted,  that  the  vector  of  the  primary  drop,  EXAX,\&  added  to 
the  primary  e.m.f.,  while  the  secondary  drop  E2A2  is  subtracted  from 
the  secondary  e.m.f.  This  is  because  the  voltage  at  the  primary  ter- 
minals must  overcome  not  only  the  counter-e.m.f.  of  the  transformer, 
but  the  drop  as  well.  On  the  contrary,  there  is  no  counter-e.m.f.  in 
the  secondary  circuit,  and  the  voltage  available  for  the  load  is  equal  to 
that  induced  in  the  transformer,  less  the  amount  lost  in  its  secondary 
impedance. 

For  practical  purposes  it  is  important  to  know  the  relation  between 
the  terminal  voltages  OA\  and  OA 2,  and  not  between  the  induced 
voltages  OE\  and  OE2,  which  cannot  be  measured.  To  eliminate  the 
latter,  multiply  all  the  sides  of  the  polygon  OE2B2A2  by  the  ratio  nx  -s-  n2 
and  substitute  (i\ni  -*-  n2)  for  i2;  then  turn  the  polygon  pver  into 
such  a  position,  that  OE2  coincides  with  OE\.  The  new  position 
of  the  polygon  is  OE\B'2A'2.  Completing  the  figure  OA'2KAi  the 
relation  may  be  obtained  between  the  primary  terminal  voltage  OA  i 
and  the  secondary  terminal  voltage  OAf2  (reduced  to  the  primary 
circuit).  The  difference  between  the  two,  or  the  total  equivalent  drop 
in  the  transformer,  is  represented  by  the  vector  A'2Ai.  This  drop  may 
again  be  imagined  to  consist  of  an  ohmic  component  A'2K  and  a 
reactive  component  KA\.     It  will  be  easily  seen  from  the  figure  that 

equivalent  ohmic  resistance  R  =  rA  -f  r2  (— ]  ; 

\n2J 

equivalent  reactance  X  =  xx  +  r2  (—]  . 

\n2J 

The  same  expressions  are  developed  in  §  409,  except  that  the  equivalent 
resistance  is  there  reduced  to  the  secondary  circuit.  The  above  may 
also  be  considered  as  another  proof  of  the  proposition  that  resistances 
and  inductances  may  be  considered  as  transferred  from  one  circuit  into 
the  other,  when  multiplied  by  the  square  of  the  ratio  of  the  number  of 
turns. 

413.  Kapp's  Diagram.  —  It  would  be  a  tedious  process  to  construct 
the  diagram  Fig.  325  separately  for  different  values  of  load  and  power 
factor.  With  a  certain  value  of  current,  the  triangle  A'2KA\  is 
independent  of  the  power  factor,  the  only  variable  being  the  angle  <f>2 
between  the  terminal  voltage  and  the  current.  Mr.  G.  Kapp  suggested 
a  modification  of  the  above  diagram   (Fig.  326),  convenient  for  pre- 
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determining  regulation  at  a  given  current  with  varying  power  factor 
of  the  load.  The  triangle  OKC  in  Fig.  326  is  the  same  as  the  triangle 
Af2KAi  in  Fig.  325.  In  either  case  it  is  constructed  from  the  result 
of  a  short-circuit  test  (Fig.  246).  OEr  is  the  direction  of  the  vector  of 
the  current,  primary  and  secondary.  The  primary  line  voltage  ex 
being  constant,  a  semicircle  is  described  from  C  as  a  center,  with  a 
radius  equal  to  e\.  To  find  the  secondary  voltage  e2  (reduced  to  the 
primary  circuit)  draw  the  vector  OE  at  an  angle  <f>2  corresponding  to 
the  power  factor  of  the  load.  The  length  OE  gives  the  value  of  the 
secondary  voltage  corresponding  to  this  power  factor. 

With  purely  inductive  load,  the  secondary  voltage  is  a  minimum, 
and  is  represented  by  the  vector  OEx  perpendicular  to  i.  With  a  non- 
inductive  load,  the  secondary  terminal  voltage  is  equal  to  OE  in  phase 

with  the  current  01.     In 
rleofan*  case   of   a    pure    capacity 

load,  the  secondary  voltage 
to  is  equal  to  OEc;  it  is  larger 
than  the  applied  voltage  ex 
(reduced  to  the  same  num- 
ber of  turns).  This  is  due 
to  a  partial  resonance 
between  the  capacity  of  the 
load  and  the  inductance  of 
the  transformer  itself  (see 
§  134). 

If  the  secondary,  instead 
of  the  primary  voltage,  is 
constant,  a  semi-circle  must  be  drawn  from  0  as  a  center;  the  vectors 
from  C  to  the  intersection  with  this  semicircle  then  give  the  values 
of  the  primary  voltage  necessary  for  maintaining  the  required  secondary 
voltage,  with  a  varying  power  factor. 

For  other  values  of  current,  the  triangle  OKC  must  be  changed 
correspondingly;  the  rest  of  the  diagram  remains  the  same. 

The  difficulty  in  applying  Kapp's  diagram  to  actual  transformer 
is  that  the  triangle  OKC  is  comparatively  small,  and  therefore  the 
difference  between  OE  and  CE  cannot  be  measured  with  a  sufficient 
accuracy.  For  this  reason  some  prefer  to  express  analytically  the  rela- 
tions shown  in  Fig.  325  aiid  to  figure  out  the  required  voltage  from  a 
formula,  similar  to  that  given  in  §  268.  Another  solution  is  to  use  an 
ingenious  calculating  device  invented  by  Mr.  F.  G.  Baum  on  which  per 
cent  voltages  are  read  off  directly  for  given  percentages  of  ohmic  and 
inductive  drop  (§  277)  and  at  any  current  and  power  factor. 


■Vector  of  Current 


Fig.  326. 


Kapp's  diagram  of  voltage  drop  and 
regulation. 


CHAPTER  XX. 
ELECTRICAL  RELATIONS  IN   POLYPHASE  SYSTEMS. 


Fig.  827.     Graphical  representation 
of  a  two-phase  system . 


414.  A  simple  alternating  current  is  entirely  satisfactory  for  lighting, 
but  up  to  this  time  the  inventors  have  been  unable  to  construct  a  satis- 
factory single-phase  motor  for  ordinary  commercial  work.  The  single- 
phase  commutator-motor  is  well  adapted  for  railway  work  only,  and 
the  single-phase  induction  motor,  although  used  to  some  extent,  is  not 
a  satisfactory  machine,  except  in  small  sizes.  But,  if  the  actions  of 
two  or  more  alternating  currents  differing  in  phase  are  combined  in  one 
motor,  the  motor  is  much  improved, 
because  at  no  time  is  the  power  equal 
to  zero  in  all  component  circuits,  or 
phases,  at  once. 

Such  combinations  of  alternating 
currents,  differing  in  phase  and 
mutually  interlinked  into  one  system, 
are  called  polyphase  systems;  their 
origin  was  a  demand  for  a  good  alternating-current  motor.  Two  types 
of  motors  are  used  on  polyphase  circuits:  induction  motors,  based 
on  the  familiar  principle  of  the  revolving  magnetic  field;  and  synchro- 
nous motors,  which  are  inverted  polyphase  alternators. 

415.  The  Two-Phase  System  and  the  Three-Phase  System.  — 
Of  all  the  possible  combinations  of  alternating  currents  only  the  two 

simplest  ones  came  into  general  use: 
the  two-phase  system,  consisting  of 
two  currents  with  a  phase  displace- 
ment of  90  degrees,  or  quarter  of  a 
period  (Fig.  327);  and  the  three- 
phase  system,  consisting  of  three 
currents  symmetrically  displaced  in 
phase  by  120  degrees,  or  one-third  of 
a  period  (Fig.  328).  In  these  figures  the  sine-waves  represent  the  instan- 
taneous values  of  currents  in  separate  phases,  plotted  to  time  as 
abscissae.  The  time  is  expressed  in  degrees,  one  complete  period  of 
alternating  current  being  equivalent  to  360  electrical  degrees.  Instead 
of  actually  plotting  the  sine-waves  the  same  relations  are  represented 
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Fig.  828.    Graphical  representation  of 
a  three-phase  system. 
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more  simply  by  the  radii  or  vectors  drawn  120  or  90  degrees  apart 
(see  Figs..  333  and  338). 

The  understanding  of  electrical  relations  is  easier  in  the  two-phase 
system  than  in  the  three-phase  system,  because  the  former  may  be 
considered  as  a  combination  of  two  simple  alternating-current  circuits; 
volts,  amperes  and  watts  can  be  measured  in  each  phase  separately. 
For  this  reason  the  two-phase  system  is  considered  first.* 

TWO-PHASE   SYSTEMS. 

416.  The  principal  combinations  of  two  single-phase  circuits  into  a 
two-phase  system  are: 

Two  independent  phases,  Fig.  329; 

Two-phase,  three-wire  system,  Fig.  330; 

Quarter-phase,  star  connection,  Fig.  334; 

Quarter-phase,  mesh  connection,  Fig.  335. 

In  so  far  as  the  use  of  the  line  itself  is  concerned,  all  the  above 
systems  are  electrically  equivalent;  the  only  difference  is  in  the  inside 
connections  of  generators  and  receiving  devices. 

The  two-phase  four-wire  system  is  the  one  most  commonly  used, 
especially  when,  in  addition  to  motors,  a  considerable  amount  of  lighting 
is  to  be  supplied;  for  the  latter,  each  phase  is  used  separately,  the  lamps 
being  divided  into  two  groups.  The  three-wire  system  gives  a  greater 
economy  in  copper,  and  reduces  the  number  of  insulators  on  the  poles, 
but  it  has  the  disadvantage  of  being  unsymmetrical.  The  quarter- 
phase  star  connection  is  used  when  it  is  desired  to  have  a  neutral  point, 
for  instance,  in  case  of  a  three-wire,  direct-current  line  fed  from  a  two- 
phase  rotary  converter  (Fig.  278).  The  quarter-phase  mesh-con- 
nected system  is  obtained  when  a  direct-current  armature  is  tapped  off 
at  four  equidistant  points  for  producing  two-phase  currents.  Such  is 
the  case  in  two-phase  rotary  converters  and  some  revolving-armature 
alternators. 

The  electrical  relations  in  all  these  varieties  of  the  two-phase  system 
will  now  be  taken  up  more  in  detail. 

417.  Two  Independent  Phases.  — This  system  is  shown  in  Fig.  329; 
one-half  of  the  total  power  is  transmitted  through  each  phase.  The 
phases  are  entirely  independent  of  each  other,  their  only  relation  being 
that  a  phase  difference  of  90  degrees  is  maintained  between  the  two. 

*  A  small  experimental  alternator,  convenient  for  studying  relations  in  poly- 
phase systems,  is  made  by  the  General  Electric  Company,  especially  for  colleges. 
It  has  six  independent  armature  windings  with  twelve  leads  brought  out.  By 
suitably  connecting  these  leads,  single-phase,  two-phase,  three-phase  and  six-phase 
currents  may  be  produced,  and  voltages  varied  within  wide  limits. 
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by  a  suitable  disposition  of  the  armature  windings  in  the  alternator 
(Fig.  421).  This  phase  relation  comes  into  play  in  the  windings  of  the 
motors  supplied  from  the  two-phase  line,  where  the  two  currents  pro- 
duce a  revolving  magnetic  field. 
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Fig.  329.    Two-phase,  four-wire  system. 

The  relations  between  the  current,  the  voltage  and  the  power  in 
each  phase  are  exactly  the  same  as  in  an  ordinary  single-phase  line. 

418.  EXPERIMENT  20-A.  —  Electrical  Relations  in  a  Two- 
Phase  Four^WIre  System.  —  Wire  up  and  load  a  two-phase  alter- 
nator, as  per  Fig.  329.  Measure  power  in  each  phase  independently, 
and  determine  the  total  power  delivered  by  the  machine,  with  balanced 
and  unbalanced  load.  Connect  the  generator  to  a  two-phase  induction 
motor  in  order  to  see  the  production  of  a  revolving  field.  Observe 
the  effect  produced  on  the  motor  by  reversing  one  of  the  phases,  or 
both  phases.    Report  the  data  and  the  phenomena  observed. 

419.  Two-Phase  Three-Wire  System.  —  The  connections  are 
shown  in  Fig.  330;  this  system  is  obtained  by  connecting  two  wires  W 


.Phase  *  ^— ^  t„ 

Fig.  880.    Two-phase  three-wire  system. 


and  dd'  (Fig.  329),  belonging  to  different  phases,  into  one,  00*,  which 
is  called  the  common  return  wire. 

(a)   The  electrical  relations  with  balanced  non-inductive  load  are 
shown  in  Fig.  331.    The  currents  ix  and  i2  are  represented  by  two  vec- 
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*i,: 


tors  displaced  by  90  degrees.    The  current  in  the  return  wire  is  equal 
to  the  sum  of  the  two,  and  is  therefore  represented  by  the  diagonal  i,. 
The  load  being  non-inductive,  the  line  voltages  ex  and  e2  are  in  phase 
with  the  corresponding  currents.    The  voltage  e^,  between  the  two 
outside   wires,  being   a  geometrical  difference  between  the  two-phase 
voltages,  is  represented  by  a  vector  connecting  the  extremities  of  the 
vectors  ex  and  e2.    It  will  be  seen  from  the  diagram  that  in  =  iv\/2  = 
i2  .  V2,  and  elm%  =  e1Vr~2=  e2V2. 
The  student  must  clearly  understand  that  the  current  in  is  a  geo- 
metrical sum  of  the  two-phase  currents,  while 
the   voltage  e1_J  is  a  geometrical    difference 
between  the  two-phase  voltages.    The  reason 
for  this  may  be  seen  by  considering  instanta- 
neous values.      If  5  amperes  are  flowing  at  a 
certain  instant  through  the  wire  aa'  (Fig.  330), 
and  3  amperes  in   the  wire  c&,  in  the  same 
direction,  8  amperes  must  flow  back  into  the 
generator  through  the   common   return  wire 
00'.    It  is  different  in  the  case  of  voltages; 
suppose   that    the    common    return   wire  is 
grounded  and  the  potential  of  the  wire  aa'  at 
a  certain   moment   is    100   volts   above   the 
ground,  while  the  potential   of  the  wire  oc?  is   only  40  volts  above 
the  ground.     It  is  evident,  then,  that  the  H 

difference  of  potential  between  the  two 
wires  is  100-40=60  volts.  Thus  we  must? 
add  currents  and  subtract  voltages.  The 
relations  which  are  true  algebraically  for 
instantaneous  values  are  true  geometrically 
for  the  vectors  of  effective  values;  this  ex- 
plains the  construction  in  Fig.  331. 

(b)  When  the  load  is  inductive,  the 
currents  ix  and  i2  (Fig.  332)  are  no  longer  Fl<>.  882- 
in  phase  with  the  corresponding  voltages, 
but  are  lagging  behind  by  certain  angles 
<f>t  and  <j>2.  The  current  tn  in  the  common 
return  wire  is  a  geometrical  sum  of  the  two,  as  before.  The  load  may 
be  different  in  the  two  phases;  this  is  shown  in  the  diagram  by  the 
vectors  ix  and  i2,  being  of  different  lengths  and  lagging  by  different 
angles   (unbalanced  load). 

(c)  The  resistance  of  the  common  return  wire  is  not  always  negligible, 
as  is  presupposed  in  the  above  diagrams.    The  diagram,  shown  in 


Fig.  881.  Current  and 
voltage  relations  in  a 
two-phase  system  at  a 
balanced  load. 


Current  and  volt- 
age relations  in  a  two-phase 
system  at  an  unbalanced 
load. 
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Fig.  333,  explains  the  way  in  which  this  resistance  is  taken  into  account. 
Assuming  the  load  to  be  non-inductive  and  balanced,  the  vector  of  the 
voltage  drop  en  »  Vn  in  the  return  wire  is  in  phase Vith  the  current  in 
and  at  equal  angles  with  both  phase  voltages  ex  and  ea.  Subtracting 
this  drop  from  the  phase  voltages,  as  is  shown  by  the  two  vectors  —  en, 
we  obtain  the  pressures  available  at  the  receiving  end  of  the  line.  With 
non-inductive  load,  the  currents  t\  and  i2  are  in  phase  with  these  volt- 
ages, and  the  sum  of  the  two  currents  is  the  current  in. 

It  will  thus  be  seen,  that  the  effect  of  the  resistance  of  the  common 
return  wire  is  to  reduce  the  phase  voltages  and  to  increase  the  phase 
angle  between  them.  If  the  voltage  drop  in  the  phase  wires  aa'  and 
c&  need  also  to  be  taken  into  account, 
the  vectors  of  this  drop  are  again  -«•/ 
subtracted  geometrically  from  the 
generator  voltages  ex  and  e2. 

(d)  Electric  power  is  measured  in  the 
three-wire  two-phase  system  by  two 
wattmeters,  as.  shown  in  Fig.  330.  The 
sum  of  two  readings  gives  the  total 
power  delivered*  by  the  generator.    This 

is  true  for  balanced  as  well  as  for  un-  FlQ  333  Cnmnt  and  volUge  ^ 
balanced  or  inductive  loads,  for,  even  i^ions  In  a  two-phaee  system, 
here,  each  phase  may  be  considered  taking  into  account  the  resist- 
independently.  ance  °f  *&*  return  wire. 

420.  EXPERIMENT  20-B. —Electrical  Relations  in  Two- 
Phase,  Three-Wire  System.  —  The  purpose  of  the  experiment  is  to 
make  clear  the  electrical  relations  explained  in  the  preceding  article. 
Connect  up  the  alternator  and  the  load  as  per  Fig.  330  and  provide  an 
ammeter,  a  voltmeter  and  a  wattmeter  which,  by  means  of  a  suitable 
polyphase  board  (§  49),  may  be  connected  into  any  of  the  wires.  Per- 
form the  measurements  in  the  following  order: 

(a)  Balanced  non-inductive  load,  relations  as  per  Fig.  331. 

(b)  Unbalanced  non-inductive  load;  same  figure,  but  the  vectors  ix 
and  i2  are  of  different  lengths. 

(c)  Inductive  load,  balanced  and  unbalanced,  Fig.  332. 

(d)  Line  wires  and  return  wire  of  considerable  resistance;  relations 
as  per  Fig.  333. 

Measure  carefully  volts,  amperes"  and  watts,  so  as  to  be  able  to  con- 
struct the  corresponding  diagrams. 

Report.  Show  in  how  far  the  theoretical  relations,  indicated  in 
Figs.  331  to  333,  check  with  the  results  of  actual  measurements. 
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42 1 .  Quarter-Phase  System,  Star  Connection.  —  This  system  (Fig. 
334)  is  obtained  from  the  four-wire  system  shown  in  Fig.  329  by  con- 
necting together  the  middle  points  of  the  two  phase-windings.  Three 
kinds  of  voltages  must  be  distinguished  in  the  quarter-phase  system: 

(1)  Phase  voltages  ex  and  e2;  these  are  the  same  as  in  the  four-wire 
system,  or  in  a  three-wire  system. 

(2)  Star  voltages  e$,  between  the  neutral  point  O  and  the  points 
a,  b,  c,  and  d.  It  is  easily  seen  that  the  star  voltages  are  equal  to  one 
half  the  phase  voltages. 

(3)  Mesh,  or  interlinked  voltages  between  the  wires  belonging  to 
different  phases,  such,  for  instance,  as  between  a  and  c,  or  a  and  d. 
The  voltage  between  a  and  d  is  the  geometrical  difference  between  the 
voltages  Oa  and  Od  (see  §  419).    Constructing  a  diagram  similar  to 
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Fig.  834.    Quarter-phase  system,  star  connected. 

that  shown  in  Fig.  331  it  may  be  easily  proven  that  the  mesh  voltage 
fi-2  =  eo  ^^  =»  ex  /n/2.  The  current  and  power  relations  are  the  same 
as  with  two  independent  phases. 

422.  EXPERIMENT  20-C.  — Electrical  Relations  in  Quarter- 
Phase  Star-Connected  System.  —  Either  the  generator,  or  the  load, 
or  both,  should  be  connected  in  star,  as  per  Fig.  334.  If  the  middle 
points  of  the  generator  windings  are  not  accessible,  connect  only  the 
load  in  star.  Balance  the  load  and  measure  the  three  kinds  of  voltages 
mentioned  in  the  preceding  article.  Then  unbalance  the  load  so  as  to 
make  all  the  four  star  voltages  different,  and  again  measure  all  the 
currents,  voltages  and  watts  in  order  to  be  able  to  determine  the  phase 
angles.     Perform  similar  measurements  with  an  inductive  load. 

Report.  Show  how  close  the  actual  ratios  between  the  voltages  at 
balanced  load,  are  to  the  theoretical  ratio  V2.  Construct  the  dia- 
grams showing  the  relations  with  unbalanced  and  inductive  load- 
The  vectors  of  the  four  mesh-voltages  form  a  square  (Fig.  336)  of 
which  the  phase  voltages  are  the  diagonals.  The  star  voltages  are 
represented  by  the  vectors  drawn  from  a  point  inside  of  the  square  to 
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its  vertices.    At  balanced  load  this  point  coincides  with  the  intersection 
of  the  diagonals;  at  unbalanced  load  the  two  points  are  different. 

423.  Quarter-Phase  System,  Mesh  Connection.  —  The  connections 
are  shown  in  Fig.  335.    Two  kinds  of  voltages  are  distinguished : 

(1)  Phase  voltages,  et  and  *,. 

(2)  Mesh  or  interlinked  voltages  between  the  wires  belonging  to 
different  phases,  such  as  between  a  and  c,  or  a  and  d.  The  phase 
voltages  are  V2  times  larger  than  the  mesh  voltages,  and  are  displaced 
from  them  in  phase  by  45  degrees.  The  proof  of  this  is  similar  to  that 
given  for  the  three-wire  two-phase  system  (Fig.  331). 

The  currents  i^2  flowing  through  the  mesh  are  different  from  the 
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Fig.  336.     Quarter-phase  system,  mesh  connected. 


line  currents  %i  and  %2-  As  the  power  delivered  to  the  line  must  be 
equal  to  that  generated  in  the  mesh,  we  have  the  relation    • 

2i\e\  =  4i"i  -2  tfi-2- 

Substituting  in  this  equation  e\  =ei  -2_V2,  we  obtain  that  u  =  i\  -2  v'2, 
or  the  currents  in  the  mesh  are  \/2  smaller  than  the  line  currents. 
The  phase  angle  between  i"i  and  %i  _2  is  45  degrees,  as  only  under  these 
conditions  does  the  difference  of  two  equal  vectors  give  a  V2  times 
larger  vector   (See  Fig.  331). 

These  relations  are  shown  graphically  in  Fig.  336.  The  currents  in 
the  mesh  are  represented  by  the  sides  of  the  square  acbd,  the  line  cur- 
rents by  the  diagonals  ab  and  cd.  With  unbalanced  load  these  diago- 
nals are  no  longer  equal  or  perpendicular  to  each  other,  and  the  square 
is  distorted  into  a  parallelogram  alclbldv  The  voltages  are  represented 
in  their  magnitude  and  relative  phase  position  by  the  square  ACBD 
and  its  diagonals. 

424.  EXPERIMENT  20-D.  —  Electrical  Relations  in  Quarter- 
Phase,  Mesh-Connected  System.  —  Connect  an  alternator  in  mesh, 
or,  if  this  is  not  possible,  have  only  the  load  mesh-connected.  Balance 
up  the  currents  in  the  four  branches  and  read  all  the  currents,  voltages, 


458 


POLYPHASE  SYSTEMS. 


[Chap.  20 


and  watts.  .  Unbalance  the  load  and  take  again  all  the  necessary  read- 
ings for  constructing  the  diagram  shown  in  Fig.  336.    Watts  should  be 

read  as  a  check  on  the 
phase  relations.  With  un- 
balanced load,  line  cur- 
rents are  no  longer  in 
phase  withcorresponding 
voltages,  even  though 
the  load  be  non-induc- 
tive. Repeat  the  same 
experiment  with  induc- 
tive load,  and  compare 
watts  measured  on  the 
line  with  those  actually 
consumed  in  the  four 
branches  of  the  mesh. 

Report.  Give  the  ac- 
tual ratios  of  currents 
and  voltages  as  found 
from  the  experiment. 
Select    a    few    sets    of 


Fig.  886.  Current  and  voltage  relations  in  a  quar- 
ter-phase system  at  a  balanced  and  at  an  un- 
balanced load. 


readings  at  balanced  and  unbalanced  load,  and  construct  diagrams,  as 
per  Fig.  336,  indicating  both  the  currents  and  the  voltages.  Check  the 
angles  found  by  graphical  construction  with  those  calculated  from  the 
wattmeter  readings. 

three-phase'  systems. 

425.  A  representation  of  the  three-phase  system  is  shown  in  Fig.  328; 
three  alternating  currents  or  voltages  a,  b,  and  c  relatively  displaced 
by  one  third  of  a  period,  are  there  shown  by  sine  waves  and  vectors. 
As  in  the  case  of  the  two-phase  system  (§  416),  various  connections 
of  generator  windings  are  possible,  all  giving  the  same  three-phase 
system  on  the  line.  The  load  may  also  be  connected  in  two  or  three 
different  ways. 

Two  schemes  of  three-phase  connections  are  most  commonly  used: 
the  star  or  Y-connection,  shown  in  Fig.  337,  and  the  A  (delta),  or 
triangle  connection,  Fig.  345.  Both  schemes  are  used  in  practice,  and 
there  are  cases  in  which  each  kind  of  connections  is  preferable.  The 
pros  and  cons  of  this  question  would  hardly  interest  the  student  at  this 
stage  of  his  knowledge,  and  are  therefore  omitted.  He  should,  how- 
ever, become  thoroughly  familiar  with  current,  voltage  and  power  rela- 
tions in  both  plans  of  connections. 
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In  some  special  cases  the  so-called  V-connection  (Fig.  348)  is  used, 
also  the  T-connection  (Fig.  349).  The  electrical  relations  in  all  these 
connections  are  explained  below. 

426*  Y-Connection—  Current  Relations.—  Let  OA,  OB,  and  OC 
(Fig.  337)  be  three  resistances  connected  in  Y  and  constituting  the 
load  of  a  three-phase  system.  Let  0*  A',  O'B',  and  O'C  be  the  corre- 
sponding armature  windings,  in  which  the  three-phase  currents  are 
generated.  The  currents  are  relatively  displaced  by  120  degrees,  as 
shown  in  Fig.  328.  It  may  seem  at  first  that  a  fourth  wire,  such  as 
ONO',  is  necessary  as  a  common-return  conductor  for  the  phase 
currents.  Experience  and  theory  show,  however,  that  this  conductor 
may  in  most  cases  be  dispensed  with,  since  the  sum  of  the  three  phase- 
currents  is  identically  zero  at  all  moments,  at  least  when  the  load  is 
balanced,  and  the  currents  vary  exactly  according  to  the  sine  law. 

The  easiest  way  to  see 
this  is  to  add  point  by 
point  the  ordinates  of 
the  three  curves  shown 
in  Fig.  328.  It  will  be 
found  that  their  sum  is 
equal  to  zero  for  any 
instant  of  time.  This 
is  a  direct    result   of  a 


a  > 


B#- 


U 


.<&&. 


Fig.  337.    Three-phase  system,  Y-connectloru 


mathematical  proposition,  that  the  sum  of  sines  of  any  three  angles 
differing  by  120  degrees  is  equal  to  zero.    That  is  to  say, 

Sin  x  +  Sin  (x  +  J  .  2n)  +  Sin  (x  -  J  .  2tt)  -  0. 

To  prove  this  formula,  expand  the  terms;  the  result  is: 

Sin  x  +  Sin  x  .  Cos  J  .  2tt  +  Cos  x  .  Sin  J  .  2tt  + 
+  Sin  x  .  Cos  i  .  2rc  —  Cos  x  .  Sin  £  .  2*; 


or,  after  reduction 


But 


Sin  x  +  2  Sin  x  .  Cos  J  .  2*. 


Cos  i  .  2n  -  Cos  120°  -  -  £-> 

so  that  we  finally  get 

Sin  x  —  Sin  x  =  0, 
which  proves  the  above  formula. 

The  vectors  of  the  three  currents  Ilf  I2,  Iz,  are  shown  in  Fig.  338, 
the  current  in  the  return  wire  is  a  geometrical  sym  of  the  three.     This 


( 
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vector  sum  is  evidently  —  0,  which  is  a  graphical  proof  of  the  above 
proposition. 

427.  Y-Connection  —  Voltage  Relations. —  Two  kinds  of  voltages 
are  distinguished  with  the  F-connection ;  phase  voltages  e,  sach  as 
between  0  and  A,  or  0'  and  A',  etc.;  and  line  voltages  E,  such  as  AB, 
AC,  and  BC.     Theory  and  experiment  show  that 

This  is  because  the  voltage  between,  say  ^1  and  B,  is  a  difference  of  the 
voltages  OA  and  OB,  or 

=  e  Sin  x  —  e  Sin  (x  -f  J.  2^)  =  c>/3.     Sin  (x  —  30  degrees), 

so  that ,  apart  from  the  phase 
displacement  of  30  degrees, 
the  amplitude  of  the  voltage 
E  between  A  and  B  is  >/3 
times  greater  than  that  of  e 
between  A  and  the  neutral 
point  0. 

The  same  voltage  relations 
are     shown    graphically    in 
Fig.  338.     The  line  voltages 
E   are    represented    by    the 
sides  of  the  triangle    4  Rf\ 
the  phase  voltages  e  by  the 
rays  0A,  OB,  OC.     The  line 
voltages  are  relatively   dis- 
placed by  120  degrees  (note 
the  arrow  heads),  as  are  the 
phase  voltages.     It  will  be  seen  directly  from  the  diagram  that  the 
line  voltages  au;  \  :J  Mines  lamer  than  the  phase  voltages,  and  *hat 
i he  phase  angle  between  the  rwn  is  30  degrees. 

With  balanced  non-inductiye  i<rad  the  vectors  /l?  Z2,  and  /3  of  the 
ine  curseni-  are  in  phase  with  lU-  voltages  OA,  OB,  and  OC.  With 
inductive  load  they  are  lagging  behind  by  an  angle  0,  depending  on 
the  amount  of  inductance  in  the  load. 

The  diagram  shows  that  even  with  a  non-inductive  load  the  cur- 
rents are  not  in  phase  with  the  voltages  E  across  the  line,  but  in 
phase  with  the  voltages  e  between  the  corresponding  lines  and  the 
neutral  point. 

428.  Y-Connectior  —  Unbalanced  Load. — When  the  load  becomes 
unbalanced,  or  currents  do  not  vary  exactly  according  to  the  sine  wave, 


Fjo.  388.  Current  and  voltage  relations  in  a 
Y -connected,  three-phase  system  at  a  balanced 
inductive  load. 
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equalizing  currents  flow  through  the  return  wire  ONO',  if  such    is 
provided.     Otherwise,  voltages  and  currents  in  the  three  line  wires  are 
considerably  distorted.     In  practice,  these  currents  never  attain  an) 
considerable  magnitude,  so  as  to  necessitate  an  extra  conductor:  Al 
that  is  required  is  to  have  the  points  0  and  0'  connected  to  the  ground 
the  equalizing  currents  find  their  way  through  the  ground. 

The  current  in  the  return  wire,  or  through  the  ground,  is  equal  to 
the  geometrical  sum  of  the  three  line  currents,  as  shown  in  Fig.  339 
The  load  being  unbalanced,  the  three  vectors  Ilf  I3,  78  are  shown  o: 
different  length  and  at  different  angles  to  the  corresponding  voltage* 
eve2€3-  *To  find  the  geomet- 
rical sum  of  the  three 
currents,  draw  from  the 
extremity  of  the  vector  Ix 
the  vector  AB  equal  and 
parallel  to  72;  from  B  draw 
the  vector  BC  equal  and 
parallel  to  73.  -  The  resultant 
vector  OC,  closing  the 
polygon,  represents  the  cur- 
rent In  in  the  return  wire, 
iii  its  magnitude  and  phase 
position. 

429.    Influence   of  the  ** 
Resistance  of  the  Neutral 
Wire.  —  In    some    excep- 
tional cases  the  resistance 
of  the  neutrahwire  may  be 

quite  considerable,  or  a  poor  ground   connection    may  exist  in  the 
system.     So  long  as  the  load  is  balanced,  this  may  not  be  noticeable 
but  should  the  load  become  unbalanced,  an  appreciable  difference  o: 
potential  arises  between  the  two  neutral  points,  0  and  0'  (Fig.  337). 
This  usually  causes  a  further  unbalancing  of  the  voltages. 

The  electrical  relations  are  indicated  in  Fig.  340.  Let  en  be  the  volt- 
age between  the  two  neutral  points  0  and  0'  (Fig.  337);  the  actua' 
voltages  at  the  terminals  of  the  load  are  reduced  (geometrically)  b\ 
this  amount.  Subtracting  eH  from  the  three  generator  voltages  elf  e2 
e3,  the  three  load  voltages  *i',  e2',  **  are  obtained.  If  the  load  is  non- 
inductive  the  three  currents  Iu  72,  73  are  in  phase  wi£*^*e  voltages. 


Fig.  389.  Current  and  voltage  relations  in  a 
Y-connected  three-phase  system  with  a 
low-resistance  neutral  connection. 


/meters  hiv  — 


be 


Adding  the  three  currents  together,  as  in  Fig  339  wattmetenj  wit 
current  in  the  common  return  wire  is  obtained  gQ  ^  ^  ^^ 
in  Fig.  340  correspond  to  the  case  of  an  mf  •  '  ( 
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the  return  circuit,  for  instance,  when  one  of  the  neutrals  is  insulat 
from  the  ground.     In  this  case  the  sum  of  the  three  currents  must 
=  0,  because  in  is  of  necessity  =  0. 

430.  Measuring  Power  in  Y -Connection.  —  Total  power  W  deliv 
ered  to  three  resistances  connected  in  Y  (Fig.  337)  is  the  sum  of  tha 
watts  developed  in  each  phase,  or  W  —  3/e,  where  /  and  c  designate 
the  effective  values.    The  neutral  point  is  not  always  accessible,  so  that 


Fio.  840.    Current  and  voltage  relations  in  a  Y-connected 
three-phase  system,  with  insulated  neutral  points.     , 

the  voltages  e  cannot  always  be  measured.  It  is  customary  therefore 
to  figure  out  the  powfer  in  terms  of  the  line  voltage  E.  With  the  rela- 
tion E  -  e  VS  (Fig.  338)  we  get: 

W  -  ElVs. 

If  there  is  a  phase  displacement  between  the  currents  and  the  volt, 
ages  ef  due  to  some  inductance  in  the  load,  the  above  expression  must 
be  multiplied,  as  in  single-phase  circuits,  by  Cos  <f>,  and  we  have 

W  =  ElVs.   Cos  <f>. 

There  are  two  ways  of  connecting  wattmeters  for  measuring  power 
in  three-phase  circuits:  the  three-wattmeter  method  (Fig.  341)  and  the 
two-wattmejgp-  method  (Fig.  342).  The  first  method  is  self-evident: 
tl}£T5ower  is  measured  in  each  phase  separately  and  the  results  added 
together.  This  metKv^d  gives  correct  results  for  total  power  under  all 
circumstances,  whether  Hhe  load  is  balanced  or  not. 


\ 


\ 
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Fig.  841.    The  three-wattmeter  method  of 
measuring  power. 


The  two-wattmeter  method  is  the  one  generally  used  in  practice, 
since  the  neutral  point  0  is  not  always  accessible,  also  because  with 
this  method  only  two  wattmeter  readings  are  necessary,  instead  of  three. 
This  method  is  based  on  the  fact  that  any  of  the  three  wires  may  be 
considered  as  a  return  wire  for  the  currents  flowing  in  two  other  wires. 
With  the  wattmeter  connections,  shown  in  Fig.  342,  the  wire  B  is  taken 
as  the  return  wire,  so  that  the 
three-phase   system  is  reduced 
to     two    single-phase    systems 
A-B   and   C-B.    The  power  in 
the  first  system  is  proportional 
to    the  current  in  A  times  the 
voltage  between  A  and  B.    The 
power  in  the  second  is  propor- 
tional to  the  current  in  C  times 
the  voltage  between  C  and  B. 
The  wattmeters  are  connected  so  as  to  measure  the  power  according 
to    these   expressions.     The   total   power  is  equal  to  the  sum  of  two 
simultaneous    wattmeter  readings,   and   the   method  is  correct  with 
balanced  as  well  as  with  unbalanced  loads. 

431.  Some  Remarks  on  the  Two- Wattmeter  Method.  — The  fol- 
lowing remarks  may  make  the  practical  application  of  the  method 
easier: 

(a)  The  two  component  readings 
are  equal  to  each  other  only  with 
balanced  non-inductive  loads;  under 
all  other  conditions  they  are  different 
(see  §  432).  When  the  power  factor 
is  below  50  per  cent,  one  of  the  watt- 
meters begins  to  give  negative  deflec- 
tions. If  such  is  the  case,  either  its 
current  or  voltage  terminals  must 
of  the    two    readings    taken,    instead 


Fig.  342.    The  two-wattmeter 
method  of  measuring  power. 


be   reversed   and  a  difference 
of  their  sum. 

(b)  It  makes  no  difference  which  of  the  three  wires  is  selected  as 
the  return  wire:  this  affects  only  the  component  readings,  but  not  the 
sura,  which  represents  the  total  power  in  the  system,  and  is  always  the 
same  at  a  certain  load. 

(c)  It  is  not  always  convenient  to  have  two  separate  wattmeters 
and  to  read  them  simultaneously.  Polyphase  wattmeters  are  on  the 
market- for  this  purpose;  they  consist  of  two  ordinary  wattmeters  with 
moving  elements  mounted  on  a  common  shaft,  so  that  the  indications 
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are  automatically  added  together;  the  pointer  indicates  on  the  scale 
the  total  power.    The  connections  are  made  as  in  Fig.  342. 

(d)  Where  a  polyphase  wattmeter  is  not  available,  it  is  still  possible 
to  use  one  wattmeter  instead  of  two,  by  having  double-throw  switches 
arranged  so  that  this  wattmeter  can  be  switched  over  from  one  phase  to 
the  other  (§  49).  Of  course,  this  is  permissible  only  when  the  load  is 
steady,  while  the  wattmeter  connections  are  being  changed. 

(e)  If  the  load  is  perfectly  balanced,  it 
is  sufficient  to  measure  the  power  in  one 
phase  only,  as  shown  in  Fig.  343,  and  to 
multiply  the  results  by  three.  It  is 
assumed  in  Fig.  343  that  the  neutral  point 
of  the  load  is  not  accessible;  therefore  an 
artificial  neutral  point  0  is  created  by 
connecting  three  high  resistances  or  induc- 
tances x  in  "  Y  "  and  connecting  the  poten- 
tial winding  of  the  wattmeter  between 
one  of  the  line  wires  and  this  neutral.  If 
the  neutral  point  of  the  generator  or  load  is  accessible,  this  complica- 
tion is  of  course  unnecessary. 

(/)  The  two-wattmeter  method  should  not  be  used  when  the  neu- 
trals are  thoroughly  grounded  and  the  load  is  badly  out  of  balance. 


Fig.  843.  Measuring  power 
with  an  artificial  neutral  point 
(at  balanced  load). 


-1.0  -018    ■■■■$■■■     -+0.5    ■  +UJ 

Fio.  344.    The  watt-ratio  curve,  for  use  with  the  two-wattmeter  method. 


In  this  case  we  have  actually  a  four-wire  system,  so  that  three  watt- 
meters are  necessary  for  measuring  total  power,  the  fourth  wire  being 
a  common  return  wire  for  the  three  others. 

432.  Watt-Ratio  Curve.  —  With  the  two-wattmeter  method,  two 
component  readings  are  not  equal  to  each  other,  when  the  load  is 
inductive,  though  it  may  be  balanced.  The  ratio  of  the  two  readings 
depends  on  the  power  factor  of  the  load  only,  and  not  on  its  magnitude. 
A  curve  may  be  plotted  (Fig.  344)  showing  the  power  factor  of  the  load 
as  a  function  of  the  ratio  of  wattmeter  readings.    This  curve  is  some- 
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times  useful  in  estimating  the  power  factor,  or  as  a  check  on  the  power 
factor  figured  from  the  ammeter,  voltmeter,  and  wattmeter  readings. 

The  equation  of  this  curve  may  be  derived  as  follows:  Let  the  two 
wattmeters  be  connected  as  in  Fig.  342;  the  first  wattmeter  measures 
the  product  (see  Fig.  338) 

ITj  -  E^3It  Cos  (30°  -^); 

the  second  wattmeter  registers 

W2 E^3I9  Cos  (150°  -  <£). 

The  minus  sign  is  used  in  order  to  make  the  last  expression  positive; 
Cos  (150°  —  <f>)  is  in  itself  negative  for  small  values  of  <f>,  while 
the  wattmeter  connections  are  such  that  with  small  <f>  (high  power- 
factor)  both  readings  are  positive. 

The  second  reading  may  also  be  represented  identically  by 
W2  =  J5^3/3Cos  (30°  +  ^). 
The  ratio  of  the  smaller  to  the  larger  reading,  with  balanced  load,  is 


n 


W>     Cos  (30°  +  <f>) 


Wx  "  Cos  (30°  -  <f>)  ' 

or,  denoting  the  power  factor  Cos  <f>  by  /,  we  get,  after  some  transfor- 
mations, 


W9     /V3-  Vl  - 


Wx     fVz  +  Vl  -  p 

.  This  is  the  equation  of  the  curve  shown  in  Fig.  344. 

If  it  is  desired  to  calculate  the  power  factor  from  a  given  ratio  of 
wattmeter  readings,  the  above  equation  becomes;, 

/  =  Cos  0  =  l 


The  reading  Wx  is  always  positive,  when  <f>  is  positive  (current  lag- 
ging); W2  is  positive  as  long  as  </>  is  below  60  degrees.  When  <f>  =  60 
degrees,  W2  =  0,  and  the  ratio  n  =  0;  the  power  factor  of  the  load 
/  ='Cos  <f>  =  50  per  cent.  This  is  the  point  at  which  the  ratio  curve 
crosses  the  axis  of  ordinates. 

With  non-inductive  load  Wx  =  W2;  f  =  1.00,  and  n  =  1.  With 
purely  inductive  load  0  =  90  degrees,  Wx  =  —  W2;  n  =  —  1.  Other 
points  on  the  ratio  curve  are  calculated  in  a  similar  way  from  the  above 
given  formula.  It  should  be  clearly  understood  that  the  ratio  curve 
refers  to  balanced  load  only. 
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433.  EXPERIMENT  20-E.  —  Electrical  Relations  in  a  Y-Con- 
nected  System,  with  Non-Inductive  Load.  —  The  purpose  of  the  exer- 
cise is  to  make  clear  the  relations  derived  in  S§  426  to  431.  The 
measurements  may  be  performed  by  connecting  three  resistances 
in  Y  to  a  three-phase  supply.  It  is  better,  however,  to  have  them 
connected  to  a  small  experimental  alternator,  the  neutral  point  of 
which  is  accessible,  so  as  to  be  able  to  investigate  the  effect  of  the 
common  return  wire. 

It  would  be  rather  cumbersome  to  have  an  ammeter,  a  voltmeter, 
and  a  wattmeter  for  each  phase;  more  than  that,  the  results  would  not 
be  directly  comparable  unless  the  instruments*were  in  exact  calibra- 
tion. It  is  preferable,  therefore,  to  use  a  "polyphase  board  "  (§  49) 
so  arranged  that  the  instruments  can  be  connected  in  all  three  phases 
in  succession,  without  opening  the  main  circuit.  With  this  device, 
one  ammeter,  one  voltmeter  and  one  wattmeter  are  sufficient  for  all 
polyphase  measurements. 

The  experiment  should  be  performed  in  the  following  order: 

(1)  Balanced  load.  Have  the  alternator  F-connected  and  load  it 
on  three  resistances  also  F-connected,  as  in  Fig.  337.  Adjust  the  resist- 
ances so  as  to  have  the  same  current  in  the  three  phases,  and  verify 
that: 

(a)  The  sum  of  the  three  currents  is  identically  zero.  To  prove 
this,  insert  an  ammeter  into  the  neutral  wire;  if  the  phases  are  well 
balanced  the  ammeter  shows  practically  no  deflection.  Moreover, 
opening  and  closing  the  switch  S  in  the  neutral  wire  does  not  affect  the 
ammeter  readings  in  the  three  phases. 

(b)  There  is  no  difference  of  potential  between  0  and  0',  so  that 
these  points  can  be  permanently  grounded. 

(c)  Voltage  E  across  the  line  is  equal  to  eV3,  where  e  is  the  phase 
voltage  (Fig.  338). 

(d)  The  power  measured  by  the  two-wattmeter  method  is  the  same 
as  that  determined  by  the  three-wattmeter  method;  moreover,  the 
result  does  not  depend  on  which  phase  is  selected  as  the  return  wire. 

(2)  Unbalanced  load.  Now  unbalance  the  load;  immediately  a 
current  will  flow  in  the  neutral,  when  the  switch  S  is  closed.  Take 
readings  with  the  switch  S  open  and  closed,  and  with  the  same  load 
resistances.  It  will  be  seen  that  the  neutral  wire  tends  to  keep  the 
three  phase  voltages  OA,  OB,  and  OC  equal.  Without  the  neutral 
they  are  different,  and  there  is  also  a  difference  of  potential  between 
0  and  0'.  Introduce  an  appreciable  resistance  into  the  neutral  wire, 
and  observe  its  influence  on  the  currents  and  voltages  in  the  three 
phases. 
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In  performing  the  experiment  have  before  you  the  three  diagrams 
(Figs.  338  to  340)  and  read  all  necessary  data  so  as  to  be  able  to  con- 
struct these  diagrams.  Have  all  the  readings  recorded  systematically 
on  a  data  sheet,  such  as  shown  below. 


1 
1 

Amperes.        i 

1 

Line  Volte. 

!                        1       Watts 
Phase  Volte.  1    (3-wattm. 
|       Meth). 

Watte 

(2-wattm. 

Meth). 

Total 
Watte. 

1 

A 

B 

C 

0 

| 
i 

AB 

BC 

CA 

AO 

BO!  CO 

AO 

BO 

CO 

A-AB 

C— OB 

Inst.  No. 

l_   J  __ 

i 

1         1 

Const. 

1 
1 

1 

! 

I 

i 

Report.  Give  the  actual  ratios  between  the  line  voltages  and  the 
phase  voltages,  and  compare  them  to  the  theoretical  ratio  V3.  Plot 
curves  showing  the  influence  of  unbalanced  load  in  one  phase  on  cur- 
rents and  voltages  in  the  three  phases,  with  and  without  the  neutral 
wire.  Select  a  set  of  readings  at  unbalanced  load  and  construct  a 
diagram  as  per  Fig.  339.  Construct  a  diagram  for  unbalanced  load, 
without  the  neutral  wire,  as  indicated  in  Fig.  340.  Check  the  angles 
obtained  by  graphical  construction  with  those  calculated  from  watt- 
meter readings. 

434.  EXPERIMENT  20-F.  —  Electrical  Relations  in  a  Y-Con- 
nected  System  with  Inductive  Load.  —  This  experiment  supplements 
the  preceding  experiment.  It  is  not  necessary  to  repeat  all  the  measure- 
ments made  at  non-inductive  load,  but  merely  those  which  offer'new 
features  with  inductive  load.  Verify  that  two  component  readings  in 
the  two-wattmeter  method  are  different  even  with  a  balanced  load,  when 
it  is  inductive  (§  432).  Measure,  as  a  check,  the  same  power  according 
to  the  three-wattmeter  method  (Fig.  341).  Take  readings  at  various 
values  of  power  factor  in  order  to  verify  the  theoretical  equation  of 
the  watt-ratio  curve  (Fig.  344).  Observe  the  fact  that  when  the  power 
factor  is  equal  to  50  per  cent,  one  of  the  wattmeters  reads  zero;  when 
the  power  factor  is  reduced  still  further  it  becomes  necessary  to  reverse 
-the  terminals  and  to  take  the  difference  of  the  two  readings,  in 
order  to  have  the  same  power  as  indicated  by  the  three- watt  meter 
method. 

Connect  an  unbalanced  load,  with  and  without  the  neutral  wire,  and 
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take  all  the  readings  necessary  for  constructing  the  diagrams  shown 
in  Figs.  339  and  340. 

Report.  Give,  in  the  form  of  curves,  or  of  a  table,  the  values  of  power 
measured  by  the  two-wattmeter  and  the  three-wattmeter  methods. 
Plot  the  theoretical  watt-ratio  curve  and  the  curve  actually  observed. 
Construct  typical  vector  diagrams  for  balanced  and  unbalanced 
load. 

435.  Delta-Connection  —  Current  and  Voltage  Relations.— The 
connections  are  shown  diagrammatically  in  Fig.  345;  Fig.  346  shows  the 


.    — ^1 

Fio.  345.    Three-phase  system,  "  delta  "-connection. 

same  connections  when  each  phase  is  loaded  separately,  for  instance; 
when  the  load  consists  of  incandescent  lamps.  Electrically  the  schemes 
shown  in  Figs.  345  and  346  are  equivalent.     Delta-connection  differs 


tZvw/wvT" 


Fig.  346.    A  three-phase  system  loaded  in  "delta." 

from  the  F-connection  in  that  it  has  no  neutral  point,  and  the  phase 
load  is  subjected  to  the  full  line  pressure  E.  On  the  other  hand, 
with  F-connection  each  phase  consumes  the  full  line  current  /,  while 
in  a  delta-connected  load  the  current  %  in  each  phase  is  only  I  -*-  v  3  of 
the  line  current  /.  This  can  be  proved  in  exactly  the  same  way  as  it 
was  proven  before  that  E  -=  e\73:.  namely,  with  the  positive  direc- 
tions of  the  currents  shown  in  Fig.  345  we  have,  that  the  current  /  in 
the  line  wire  A  is  a  difference  of  the  currents  i  in  AB  and  AC.  This 
difference  is 

i  Sin  x  -  t  Sin  Cr  +  I  .  2k)  =  v'3  .  t  Sin  (x  -  30°  ) 

so  that,  apart  from  the  phase  difference  of  30  degrees,  the  current 
/  -  i  VS. 
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Fig.  847.  Current  and  voltage  relations 
in  a  u  delta  "-connected  three-phase  sys- 
tem at  a  balanced  and  at  an  unbalanced 
load. 


The  same  relations  are  shown  graphically  in  Fig.  347.  The  three 
line  voltages  E  are  represented  by  the  sides  of  the  triangle  ABC.  The 
currents  in  the  load  Bk,  Bl,  Bm  are  in  phase  with  these  voltages,  pro- 
vided the  load  is  non-inductive. 
The  line  currents  are  represented 
by  the  sides  of  the  triangle  klm. 
They  are  in  phase  with  the 
imaginary  Y- voltages  OA,  OB 
and  OC  (compare  Fig.  338).  It 
will  be  seen  from  the  figure  that 
the  line  currents  are  V3  times 
larger  than  the  load  currents, 
and  that  the  phase  difference 
between  the  two  is  30  degrees. 
The  same  result  is  obtained 
above  graphically. 

When  the  load  is  unbalanced, 
or  inductive,  the  triangle  of  cur- 
rents   klm  is    distorted    into  a 

triangle  kxlxmv  The  load  currents  are  no  longer  equal  to  each 
other,  nor  in  phase  with  the  corresponding  voltages?  the  relation 
still  holds  true,  that  each  /  is  a  geometrical  difference  of  the  two 
adjacent  i's. 

436.  Delta-Connection  —  Power  Relations.  —  The  three-watt- 
meter method  in  application  to  the  delta-connection  is  shown  in  Fig. 
346,  the  power  being  measured  separately  in  each  phase  of  the  load. 
The  two-wattmeter  method  (Fig.  342)  is  the  one  commonly  used  in  prac- 
tice. In  fact,  when  the  two-wattmeter  method  is  used  it  is  not  necessary 
to  know  in  which  way  the  load  is  connected,  since  one  of  the  line  wires  can 
always  be  assumed  to  be  a  return  wire  for  the  other  two  line  wires.  The 
single-wattmeter  method,  as  shown  in  Fig.  343,  can  also  be  used  equally 
well,  provided,  of  course,  that  the  load  is  balanced  in  all  three  phases, 
as  in  the  case  of  three-phase  motors. 

The  power  delivered  by  an  alternator  is  the  same  whether  the  load 
is  connected  in  Y  or  in  delta,  provided  that  the  line  voltage  and 
the  line  currents  are  the  same  in  both  cases.  With  the  F-con- 
nection,  each  phase  consumes  a  current  /  at  a  pressure  e  =  E  -r-  V3, 
or  a  power  equal  to  IE  -*-  V3.  With  the  delta-connection  each  phase 
consumes  a  current  /  -J-  V3  at  a  voltage  E,  or  again  the  same 
power  IE  h-  Va.  The  total  power  W  in  the  three_phases  is  also  the 
same  in  both  cases  and  is  equal  to  3  X  El  -&-  V3,  or  El .  \^3,  as  is 
proven  above. 


470  POLYPHASE  SYSTEMS.  [Chap.  20 

437.  EXPERIMENT,  20-G  -Electrical  Relations  in  a  Delta- 
Connected  System,  at  Non-inductive  Load.— The  purpose  of  the 
experiment  is  to  make  clear  the  numerical  relations  deduced  in  ii  435 
and  436.  Connect  three  non-inductive  resistances  as  per  Fig.  346,  and 
adjust  them  so  as  to  have  the  same  current  in  the  three  phases.  The 
generator,  used  as  the  source  of  power,  may  be  either  F-  or  delta- con- 
nected, since  the  relations  are  studied  on  the  load  only.  As  a  matter 
of  fact,  no  special  alternator  is  required,  and  the  load  may  be  connected 
to  the  laboratory  power  supply.  Use  a  data  sheet,  as  in  §  433.  Make 
the  following  measurements: 

(a)  Measure  the  ratio  between  the  currents  in  the  line  and  in  the 
delta,  and  see  how  close  they  check  with  the  theoretical  ratio  \^S. 

(6)  See  if  the  power  measured  by  the  three-wattmeter  method,  as 
per  Fig.  346,  checks  with  that  measured  by  the  twTo-wattmeter  method, 
as  per  Fig.  342.  Make  this  comparison  with  balanced  and  with  unbal- 
anced load. 

(c)  Gradually  unbalance  the  load  in  one  of  the  phases,  first  increasing 
it  and  then  reducing  it  below  that  in  the  other  two  phases.  Note  the 
effect  on  the  currents,  voltages,  and  phase  relations  in  all  three  phases 
and  in  the  line. 

(d)  Open  the  circuit  in  one  of  the  phases  of  the  load  and  compare  the 
resulting  voltages  and  currents  to  those  with  balanced  load. 

(e)  Select  an  unbalanced  load  and  take  all  the  readings  necessary 
for  constructing  the  diagram  shown  in  Fig.  347.  Measure  watts  in 
order  to  be  able  to  check  the  phase  angles. 

Report  Figure  out  the  ratio  between  the  line  currents  and  the 
load  currents;  compare  it  to  the  theoretical  ratio  V^.  Give  the 
results  of  comparison  of  the  two-wattmeter  and  the  three-watt- 
meter methods.  Plot  curves  showing  the  effect  of  underloading 
or  overloading  a  phase;  use  amperes  in  the  unbalanced  phase  as 
abscissae.  State  your  findings  when  one  of  the  phases  wfas  opened. 
Construct  a  diagram,  as  in  Fig.  347,  for  a  balanced  and  for  an 
unbalanced  load. 

438.  EXPERIMENT  20-H.—  Electrical  Relations  in  Delta- 
Connection,  at  Inductive  Load.  —  The  experiment  supplements  the 
one  preceding.  It  is  not  necessary  to  repeat  all  the  measurements 
specified  there,  but  only  those  which  offer  some  difference  with,  induc- 
tive load,  in  particular  the  runs  (b),  (c),  and  (e). 

439.  V-Connection.  —  The  three-phase  combination,  shown  in  Fig. 
348,  is  known  as  the  7-connection.  BA  and  BC  represent  the  secondary 
windings  of  two  transformers,  or  two  generator  windings.     The  load 
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is  connected  as  usual,  either  in  Y  or  in  delta.  The  F-connection  is 
obtained  from  the  delta-connection  by  omitting  the  generator  or  trans- 
former winding  between  A  and  C,  thus  compelling  the  two  other  phases 
to  take  up  the  whole  of  the  load.  With  three  windings,  each  carries 
one  third  of  the  load;  with  V-connection  each  winding  carries  one  half 
of  the  load. 

If,  for  instance,  the  total  load  is  300  kw.,  three  100-kw.  transformers 
are  required  with  Y-  or  delta-connection,  and  two  173-kw.  trans- 
formers with  V-connection.*  The  total  cost  of  the  latter  is  less,  and 
this  is  the  advantage  of  the  V-connection  over  the  delta  scheme. 
In  large  power  houses  transformers  are  sometimes  connected  in 
delta,  and,  should  one  of  them  be  disabled,  the  two  others  tempo- 
rarily carry  the  load  in  V,  possibly  being  loaded  above  their  rated 
capacity. 

It  should  be  clearly  understood  that  only  generator,  transformer, 
and  motor  windings  may  be  connected  in  V,  and  not  ordinary  ohmic 
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Fig.  348.     Three-phase  system,  V-connection. 

or  inductive  resistances.  This  is  because  the  load  in  the  three  phases 
remains  constant  only  with  the  proper  phase  relation  between  the 
e.m.f.'s  induced  in  AB  and  BC.  This  condition  is  fulfilled  in  genera- 
tors and  motors,  the  windings  in  the  two  phases  being  suitably 
spaced  relative  to  each  other.  It  is  also  fulfilled  in  transformers 
because  they  transmit  phase  relations,  practically  without  distorting 
them. 

It  may  seem  at  first  that  the  increase  in  current  in  the  windings  AB 
and  BC,  after  the  winding  AC  has  been  removed,  should  be  50  —  33$  = 
16§  per  cent.  A  Httle  consideration  will  show,  however,  that  the  cur- 
rent increases  \/3  times,  because  the  additional  current,  which  the 
windings  have  to  carry,  is  out  of  phase  writh  their  former  currents, 

*  Using  two  transformers  instead  of  three  brings  in  a  phase  displacement  of 
Cos  30°  •-  V  3/2,  so  that  the  apparent  output  of  each  transformer  becomes  173  kw., 
instead  of  150  kw.     See  explanation  above. 
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For  assuming  the  line  currents  to  be  /  in  both  cases,  the  currents  in 
the  transformer  windings  are  also  necessarily  equal  to  /  with  F-con- 
nection,  as  may  be  clearly  seen  from  Fig.  348.  With  delta-con- 
nection the  currents  in  the  transformer  windings  are  equal  to  7-s-  v'3 
(see  §435). 

The  increase  in  the  currents  being  greater  than  the  increase  in  the 
power  to  be  delivered  by  each  transformer,  the  currents  in  F-connected 
transformers  must  be  out  of  phase  with  the  voltages,  even  at  non- 
inductive  load.  One  way  to  prove  this  is  as  follows:  total  power  with 
balanced  load  is  Ely/3;  hence,  each  of  the  windings  has  to  supply 
EI\/S  -J-  2.  The  voltage  at  the  terminals  of  each  winding  is  E,  and 
the  current  flowing  through  it  is  /;  therefore  thejphase  displacement 
<f>  between  the  two  must  be  such  that  Cos  <f>  =»  V3  -*-  2,  in  order  that 
the  power  may  be  represented  by  the  above  expression.  The  angle 
<t>  corresponding  to  the  above  cosine  is  30  degrees. 

The  same  relations  may  be  deduced  from  Fig.  347.  When  the 
transformer  winding  AC  is  taken  out,  its  current  Bm  must  be  carried 
in  series  by  the  two  other  transformers.  The  transformer  AB  has  to 
carry  its  own  current  Bk  and  the  current  Bm,  the  sum  of  the  two 
being  km.  In  the  same  way  the  current  in  the  transformer  BC  is 
changed  from  Bl  to  ml.  It  will  be  seen,  that  the  currents  are  thus 
increased  V3  times,  and  a  phase  displacement  of  30  degrees  is  pro- 
duced. 

It  follows  from  the  above  that  the  power  in  a  F-connected  system 
cannot  be  determined  by  merely  taking  volts  times  amperes  in 
the  two  transformers,  even  with  a  non-inductive  load.  The  power 
should  in  all  cases  be  measured  by  the  two-wattmeter  method,  as  in 
Fig.  342. 

440.  EXPERIMENT  20-1.  —  Electrical  Relations  in  a  V-Con- 
nected  System.  —  The  purpose  of  the  experiment  is  to  afford 
practice  in  connecting  transformers  in  V,  and  to  make  clear  the 
numerical  relations  explained  in  the  preceding  article.  Unless  a  special 
F-connected  generator  is  available  (see  footnote  to  §  415),  the  connec- 
tions should  be  established  through  two  transformers,  whose  primaries 
are  connected  in  V  to  the  source  of  supply,  and  the  secondaries  are 
connected  in  F  to  the  load.  It  is  well  to  have  a  third  transformer 
in  order  to  observe  the  difference  between  the  delta  and  the  F-con- 
nection. 

(a)  Apply  a  balanced  non-inductive  load  and  measure  currents  and 
voltages  with  the  transformers  in  delta  and  in  V.  Use  a  wattmeter  to 
prove  the'  phase  difference  of  30  degrees  spoken  of  in  the  preceding 
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article.     Unbalance  the  load,  and  take  all  the  readings  necessary  for 
constructing  a  vector  diagram  of  current  and  voltage  relations. 

(6)  Unbalance  the  load  in  the  phase  AB  or  in  the  phase  BC  by  a 
certain  per  cent  and  measure  the  resulting  unbalancing  in  currents  and 
in  watts  supplied  by  each  transformer.  Now  unbalance  the  phase  AC 
by  the  same  amount,  and  again  measure  amperes  and  watts  in  both 
transformers.  The  practical  significance  of  this  experiment  is  this: 
In  some  cases  two  F-connected  transformers  supply  a  balanced  load 
of  three-phase  induction  motors,  and  it  is  desired  to  connect  to  the  same 
supply  some  single-phase  lighting.  The  question  to  decide  is,  whether 
the  lighting  should  be  connected  to  the  phase  AC,  where  the  unbalanc- 
ing would  be  taken  up  by  both  transformers,  or  to  one  of  the  other 
phases  where  it  would  affect  one 
of  the  transformers  more  than  the  ai&zz — 
other.  !  f 

(c)    Apply  a  balanced  inductive 

load    and   investigate  the  relation       gap "^c 

between   the  power  factor  of  the       .1<jU 86.6  v7^--> 

load  and  the  phase  angle  between 

the  currents  and  the  voltages  in 

the   transformers  themselves.      It     b> 

will     be    found,    that    this    angle,  FlG   m    Three-phase  system, 

which    was    equal    30   degrees   at  T-connection. 

non-inductive   load,    increases   for 

one  transformer  and  decreases  for  the  other,  as  the  load  becomes  more 

inductive.      This   shows   that   at   non-inductive   load   the  current  is 

lagging  in  one  transformer,  and  is  leading  in  the  other. 

Report.  Give  the  diagram  of  connections  used;  figure  per  cent 
increase  in  currents  with  the  change  from  delta-  to  F-connection. 
Determine  the  actual  phase  displacement  in  the  transformers,  and  show 
how  it  varies  when  the  load  becomes  inductive.  Give  an  explana- 
tion of  this  on  the  basis  of  the  diagram,  Fig."  347.  Give  your  find- 
ings in  regard  to  unbalanced  load,  and  corroborate  them  by  a  vector 
diagram. 

441.  T-Connection. —  Besides  F-connection  there  is  another  way 
of  producing  three-phase  currents  with  two  windings  only;  this  is  the 
T-connection  shown  in  Fig.  349.  The  two  windings  there  shown  repre- 
sent either  the  secondary  windings  of  two  transformers  or  two  phases 
of  a  special  generator.  The  three-phase  line  is  connected  at  A,  B.  C, 
the  voltages  being  the  same  (100  volts)  between  any  two  wires.  The 
voltage  induced  in  the  winding  DC  is  de-phased  90  degrees  against  the 
voltage  induced  in  AB,  as  shown  in  Fig.  350.     But  the  voltage  across 
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AC,  being  a  geometrical  sum  of  DC  and  of  one  half  AB,  has  a  phase 
displacement  of  120  degrees  from  AB.  The  number  of  turns  in  the 
winding  DC  is 

VS  -=-  2  -  86.6  per  cent 

of  that  in  ^i  B.  The  reason  for  this  may  be  seen  from  Fig.  350,  as  only 
under  such  conditions  is  ABC  an  equilateral  triangle. 

The  line  currents  with  balanced  load  are  represented  by  the  vec- 
tors Iv  I2,  and  /,;  the  former  two  are  displaced  by  30  degrees  from 
the  voltage  AB.  Thus,  with  ^-connection  the  currents  in  the  trans- 
former AB  are  30  degrees  out  of  phase  with  the  voltage  induced  in  the 
transformer,  with  non-inductive  balanced  load.  One  of  the  currents 
is  leading  the  e.m.f.,  the  other  is  lagging  behind  it.  Therefore,  when 
the  load  becomes  inductive,  the  phase  "angle 
increases  in  one  half  of  the  transformer  and 
decreases  in  the  other  half.  The  current  Is 
is  in  phase  with  the  voltage  DC  at  non- 
inductive  load. 

The  power  delivered  to  the  line  is  measure!, 
as  usual,  by  the  two-wattmeter  method.    The 
following  is  a  check  calculation  showing  that 
Fig.  350.     Current  and      the  total  power  W  in  two  jT-connected  trans 
voltage  relations  with      formers  is  equal  to  IE  Vjj,  as  with  the  other 
T-connection.  three-phase    connections.      Taking    the  three 

currents  (Fig.  350),  and  multiplying  them  by  the  corresponding  volt- 
ages and   values  of  the  power  factor,  we  have: 

W  =  DA  .  Ix .  Cos  30°  +  DB  .  l2 .  Cos  30°  +  DC .  /3    : 

F  \  3       F         vif      E\/3      r 

2  2        2  2  2 


or 


ir  =  EI  \  3, 


which  was  to  be  proved.     Each  transformer  carries  one  half  of  the 
total  power. 

442.  EXPERIMENT  20-J.  —  Electrical  Relations  in  a  T-Con- 
nected  System.  —  The  purpose  of  the  experiment  is  to  illustrate  the 
electrical  relations  explained  in  the  preceding  article.  If  a  ^-connected 
generator  is  not  available,  take  two  transformers,  connect  their  primary 
and  secondary  windings  in  T,  and  then  connect  them  to  the  supply  and 
to  the  load  respectively.     One  of  the  transformers  must  have  a  tap  D 
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(Fig.  349)  in  the  center  of  each  winding,  the  other  transformer 
must  have  a  lower  number  of  turns  (86.6  per  cent).  In  practice, 
both  transformers  are  made  identical,  and  both  are  provided  with 
taps  at  50  per  cent  and  86.6  per  cent  of  their  windings,  so  as  to  be 
interchangeable. 

(a)  Measure,  at  no  load,  all  the  voltages  shown  in  Fig.  350.  If  the 
transformer  DC  has  additional  taps,  investigate  the  effect  of  the  mag- 
nitude of  voltage  DC  on  the  line  voltages  AB,  BC  and  CA. 

(b)  Provide  a  balanced  non-inductive  load,  measure  currents,  volt- 
ages and  the  power  in  both  halves  of  the  transformer  AB,  in  order  to 
check  the  theoretical  phase  difference  of  30  degrees.  Gradually  intro- 
duce some  inductance  into  the  load  and  repeat  the  same  measurements; 
it  will  be  found,  that  the  phase  difference  decreases  in  one  transformer 
and  increases  in  the  other.  It  will  also  be  found,  that  the  line  voltages 
become  somewhat  unsymmetrical,  because  the  drop  of  voltage  in 
the  two  halves  of  the  transformer  is  different  with  leading  and 
lagging  currents.  In  order  to  reduce  this  unbalancing,  the  coils  on 
the  halves  AD  and  BD  are  interposed  to  bring  them  into  a  closer 
inductive  relation. 

(c)  Unbalance  the  load,  first  in  the  phase  AB,  and  then  in  the  phase 
AC  by  the  same  per  cent;  measure  currents  and  power  in  the  two  trans- 
formers in  order  to  determine  in  which  case  the  unbalancing  affects  the 
system  less. 

Report  the  results  and  show  in  how  far  they  corroborate  the  theory. 
Construct  vector  diagrams  of  current  and  voltage  relations  (Fig.  350). 

443.  Determination  of  Size  of  Conductors  in  Polyphase  Lines. — 
The  relations  in  polyphase  circuits  being  somewhat  more  complicated 
than  in  ordinary  direct-current  and  single-phase  circuits,  the  beginner 
sometimes  encounters  difficulties  in  understanding  these  relations, 
particularly  in  application  to  the  most  important  practical  question  with 
which  an  operating  engineer  is  most  likely  to  deal,viz.,  figuring  the  size 
of  conductors  for  a  two-phase  or  a  three-phase  transmission  line.  The 
necessary  explanation  as  to  how  a  three  phase  or  two-phase  line  can 
be  reduced  to  an  equivalent  single-phase  line  and  calculated  as  such 
is  given  in  §  264.  A  numerical  example  may  be  of  use  here,  in  showing 
that  polyphase  lines  can  also  be  figured  out  directly  from  the  relations 
derived  above. 

The  problem  usually  presents  itself  in  some  such  form  as  this:  500  kw. 
are  to  be  transmitted  by  means  of  a  three-phase  system,  over  a  distance 
of  4  miles,  with  a  loss  of  8  per  cent  of  the  power  delivered;  the  pressure 
at  the  receiving  end  of  the  line  is  to  be  6600  volts.  What  is  the  size  of 
conductors  to  be  used? 
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Let  us  first  assume  the  load  to  be  non-inductive;  the  current  in  each 
wire  is  then,  according  to  the  formula  W  =  EI .  V3, 

/=s  . — 500     _  »  43.8  amp.* 
6.6  X  V3 
The  loss  of  power  allowed  in  the  line  is  0.08  X  500  =  40  kilowatts, 
or  40,000  t3  =  13,333  watts  in  each  wire.     The  resistance  R  of  each 
wire  is  determined  from  the  equation  PR  =  13,333,  from  which  R  = 
6.95  ohms.     Resistances  are  usually  given  in  wire  tables  per  1000  feet 
of  conductor;  the  resistance  of  our  wire  per  1000  feet  must  be 

,  69?  M  =  0.329  ohm, 
4  X  5.28 

which  corresponds  approximately  to  No.  5  Brown  &  Sharp  gauge. 

If  the  load  is  inductive,  the  power  factor  being,  say,  80  per  cent,  a 
heavier  wire  is  required,  because  it  takes  a  larger  current  to  transmit 
the  same  power  at  a  lower  power  factor.  As  the  loss  in  the  line  is 
proportional  to  the  square  of  the  current,  the  resistance  per  1000  feet 
now  has  to  be  0.329  X  (0.80) 2  =  0.210  ohm;  this  corresponds  to  about 
No.  3  B.  &  S.  wire. 

If  4,he  transmission  is  to  be  effected  by  means  of  the  two-phase  four- 
wire  system  the  size  of  the  wire  is  figured  out  as  follows:  With  500  kw. 
transmitted  by  two  phases,  each  phase  transmits  250  kw.,  so  that  the 
line  can  be  calculated  as  a  single-phase  line  of  the  same  voltage,  tran>- 
mittmg  250  kw.  The  current  at  non-inductive  load  is  250  -r  6.6  = 
about  38  amperes,  and  the  resistance  of  the  line 


This  gives 


fl=  0.08  X  250,000  =139ohms 
382 

139  -  0.329  ohm  per  1000  feet, 


5.28  X  4  X  2 

or  the  same  size  of  wire,  as  figured  above  for  the  three-phase  system. 
This  shows  that  there  is  a  saving  of  25  per  cent  in  copper  with  the  three- 
wire  system  as  compared  to  the  two-phase  system,  because,  the  size  of 
the  wire  being  the  same  in  both  cases,  there  is  one  wire  less  with  the 
three-phase  system. 

PHASE   TRANSFORMATION. 

444.  There  are  cases  in  which  it  is  desirable  to  transform  two-phase 
power  into  three-phase  power,  or  vice  versa.  Thus,  for  example,  power 
is  sometimes  generated  by  means  of  two-phase  alternators,  then  the 

*  The  power  being  given  in  kilowatts,  it  is  convenient  to  measure  the  pressure  in 
kilovolis:  6600  volts  =  6.6  kilovolts. 
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voltage  is  raised,  the  system  being  simultaneously  transformed  into  a 
three-phase  system  for  transmission  and  distribution.  The  advantage 
of  this  arrangement  is  tiiat  only  three  line  wires  are  required  instead  of 
four.  On  the  contrary,  in  some  cases  two-phase  local  distribution  is 
preferred,  especially  for  lighting,  where  each  phase  is  used  separately; 
the  three-phase  supply  is  then  converted  into  a  two-phase  four-wire 
combination.  These  transformations  are  usually  accomplished  by 
means  of  the  so-called  Scott  system  described  below. 

445.  The  Scott  Two-Phase  to  Three-Phase  Transformation.  —  A 
T-connection  is  used  with  this  system  on  the  three-phase  side  (Fig. 
351);  the  other  windings  of  the  transformer  are  connected  directly  to 
the  two-phase  supply.     In  TV-connection  (Fig.  349),  as  well  as  in  the 


Fig.  351.    The  Scott  two-phase  to  three-phase  transformation. 

ordinary  two-phase  connection  (Fig.  329),  the  two  voltages  generated 
in  the  windings  are  displaced  in  phase  by  90  degrees.  The  only  differ- 
ence is  that  in  the  two-phase  system  the  two  windings  ab  and  cd  are 
used  independently,  while  in  the  T-connection  the  corresponding  wind- 
ings are  interconnected  at  B,  and  the  three-phase  line  is  connected  to 
the  three  remaining  terminals  A,  C,  and  D.  Moreover,  in  the  two- 
phase  system,  both  windings  have  the  same  number  of  turns,  while 
on  the  three-phase  side  the  winding  AB  must  have  only  86.6  per  cent 
of  the  turns  of  CD  in  order  to  produce  an  equilateral  triangle  of  volt- 
ages (compare  Fig.  350). 

446.  EXPERIMENT  20-K.—  The  Scott  System  of  Polyphase 
Transformation. — Connect  two  transformers,  as  per  Fig.  351,  one  side 
to  the  source  of  supply,  the  other  side  to  the  load.  Use  a  polyphase 
board  (§  49)  so  as  to  be  able  to  measure  currents,  voltages,  and  watts  on 
the  three-phase  side  and  on  the  two-phagfrJ^^£onnect  first  a  balanced 
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non-inductive  load,  and  take  all  the  readings  necessary  for  determining 
the  actual  phase  relations  of  voltages  and  currents.  Unbalance  the 
load  on  one  side,  and  see  how  it  affects  the  supply;  do  this  with  all  the 
phases,  because  the  system  is  not  symmetrical.  Perform  a  similar 
test  with  an  inductive  load;  note  in  all  cases  the  unbalancing  of  voft- 
ages  resulting  from  an  internal  drop  in  the  transformers. 

Report.  Give  the  connections  actually  used,  the  ratios  found  with 
inductive  and  non-inductive  load;  explain  by  means  of  vector  diagram? 
the  results  obtained. 

447.  Six-Phase  System.  —  It  is  mentioned  in  §  505,  that  the  copper 
loss  in  the  armature  of  a  rotary  converter  decreases  with  the  increase 
in  the  number  of  slip-rings,  because  the  alternating  currents  are  more 

evenly  distributed  in  the  armature.  As 
the  heating  in  the  armature  determines 
the  output  and  the  rating  of  the  rotary 
converter,  it  becomes  advantageous  with 
large  rotaries  to  increase  the  number  of 
slip-rings  to  six.  It  would  be  out  of  the 
question  to  have  six-phase  currents  gene- 
rated and  transmitted  to  rotary  sub- 
stations. This  is,  however,  not  necessary, 
as  six-phase  currents  can  be  easily  pro- 
Fig.352.    A  diagram  illustrating ,  duced  in  the  substation  itself,  from  the 

the  practical  methods  of  trans.  two_phase  or  three-phase  currents  deliv- 

formation  from  two-  or  three-  ,    .  .  r 

phase  to  six-phase.  ered    from    the    Power    house>   M   w  ex" 

plained  below. 

Similarly  to  the  three-phase  and  quarter-phase  systems,  either  star 

or  mesh  connection  may  be  used  with  the  six-phase  system  (Fig.  352). 

The  star  voltages  are  represented  by  the  rays  Oa,  Ob,  Oc,  etc.    The 

mesh  voltages  are  ab,  be,  cd,  etc.     It  will  be  seen  that  in  this  case  star 

voltages  are  numerically  equal  to  mesh  voltages,  because  Oab,  Obc, 

etc.,  are  all  equilateral  triangles. 

448.  Three-Phase  to  Six-Phase  Transformation.  —  The  transfor- 
mation is  based  on  the  fact  that  in  a  six-phase  system  three  of  the  phases 
may  be  considered  as  merely  three  other  phases  reversed.  Thus,  with 
a  star  connection,  the  voltage  Of  is  the  reversed  Oc,  etc.  With  the 
mesh  connection  the  voltage  ab  is  the  reversed  voltage  de,  etc. 

Fig.  353  shows  three  transformers  whose  secondaries  are  wound  in 
two  sections  each;  the  primaries  of  the  transformers,  not  shown  in  the 
figure,  are  connected  in  Y  or  delta  to  the  three-phase  supply.  The 
two  terminals  of  each  section  are  marked  by  s  (start)  and  /  (finish). 


i  sectip 


To  get  a  star-connected^«-phase  combination,  connect  together  all 
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the  terminals  marked  s;  this  gives  the  neutral  point  0;  the  terminals 
/  are  connected  to  the  six  slip-rings  of  the  rotary,  in  the  order  1,  2,  3, 
etc.,  as  indicated. 

If  the  mesh  connection  is  desired,  the  finish  of  coil  1  is  connected 
to  the  start  of  coil  2,  finish  of  coil  2  to  start  of  coil  3,  etc. 

The  above-described  combination  of  transformer  windings  is  not  the 
only  one  possible  for  converting  three-phase  into  six-phase  currents. 
As  a  general  proposition,  there  are  as  many  separate  methods  of  trans- 
formation as  there  are  possible  combinations  for  connecting  the  six 
vertices,  a,  b,  c,  d,  e,  f  (Fig.  352),  with  lines  of  three  directions.  This 
last  limitation  is  necessary  because  there  are  but  three  voltages  to 
begin  with,  and  the  phases  may  be  only  reversed,  but  not  shifted  by 
a  certain  angle. 

These  combinations  are 
as  follows: 

(1)  Connecting  a  to  6,  b 
to  c,  etc. 

(2)  Connecting  the  ver- 
tices to  the  point  0. 

(3)  Connecting  them  by 
three  diagonals,  ad,  be,  c/. 

(4)  Connecting  by  two 
deltas,  aec  and  fbd. 

The  first  two  methods 
are  explained  in  Fig.  353; 
the  method  (3)  does  not 
require  double  secondaries; 
the  method  (4)  may  be 
obtained  by  properly  con- 
necting the  double  second- 
aries, shown  in  Fig.  353. 

By  using  the  V-  or  the  T-connection,  it  is  possible  to  convert  a  three- 
phase  system  into  a  six-phase  system  using  two  transformers  only; 
thus, 

(5)  By  using  two  Vs,  eac  and  fbd. 

(6)  By  using  two  T's,  ecga  and  fbhd. 

The  primaries  of  the  two  transformers  are  connected  in  V  or  T 
respectively;  the  secondaries  are  wound  in  two  sections,  the  four 
windings  being  connected  in  double  T  or  double  V. 

449.  Two-Phase  to  Six-Phase  Transformation.  —  This  trans- 
formation may  be  understood  directly  from  the  method  (6)  mentioned 
in  the  previous  article,  only  the  primaries  of  the  two  transformers, 


Fig.  363.  Transformation  from  three-phase  to 
six-phase  by  means  of  three  transformers,  each 
with  two  secondary  windings. 
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instead  of  being  connected  in  T,  are  connected  each  across  one  phase 
of  the  supply,  as  in  the  Scott  system  (Fig.  351). 

450.  EXPERIMENT  20-L.  —Six-Phase  Transformation.  —  The 

purpose  of  the  experiment  is  to  verify  experimentally  the  relations 
derived  in  §§  448  and  449.  At  least  two  transformers  must  be  available, 
or  preferably  three,  in  order  to  be  able  to  try  all  the  six  combinations 
mentioned  above.  The  transformers  should  be  provided,  if  possible,  with 
double  secondary  windings  and  suitable  taps  on  the  primary  windings, 
for  obtaining  identical  secondary  voltages  with  different  connections. 

Combinations  (1)  and  (2)  can  be  tried  on  open  circuit;  the  other 
combinations  may  be  investigated  on  a  closed  circuit  only,  because 
otherwise  not  all  of  the  six  vertices  of  the  hexagon  are  interconnected. 
For  instance,  with  method  (4)  there  is  no  electrical  connection  between 
the  points  a,  e,  c  on  one  hand,  and  /,  6,  d  on  the  other  hand;  this  con- 
nection is  established  through  the  load  only. 

A  regular  six-phase  rotary  converter  is  the  most  natural  load  for 
this  experiment;  if  such  is  not  available,  an  experimental  rotary,  such 
as  is  shown  in  Fig.  388,  will  answer  the  purpose,  since  it  will  intercon- 
nect the  phases  in  at  least  one  point.  If  no  rotary  is  available,  the 
system  may  be  interlinked  by  producing  an  artificial  neutral  point  0 
connected  to  the  six  vertices  by  equal  resistances  or  inductances, 
connected  in  star. 

Report.     Give  the  actual  electrical  connections  used  during  the  test    . 
and  the  voltages  observed.     Plot  the  observed  voltages  graphically, 
as  a  vector  diagram,  and  compare  the  theoretical  ratios,  shown  in  Fig. 
352,  with  those  actually  observed. 

451.  Transformation  from  a  Polyphase  to  Single-Phase  System. 
—  It  is  sometimes  desirable  to  connect  a  single-phase  load  to  a  three- 
phase  supply,  without  unbalancing  the  phases.  Such  a  transformation  is 
physically  impossible,  without  bringing  into  play  a.  revolving  device 
which  can  store  electrical  energy  at  a  certain  part  of  an  alternation,  and 
deliver  it  again  at  another  time.  The  reason  for  this  is,  that  the  energy 
delivered  by  a  three-phase  alternator  is  constant  at  all  times,  while 
that  taken. by  a  single-phase  load  fluctuates  between  a  certain  maxi- 
mum and  zero,  or  even  becomes  negative,  if  the  load  is  inductive 
With  a  revolving  motor-generator  set,  interposed  between  the  alter- 
nator and  the  load,  the  difference  between  the  energy  delivered  by 
the  three-phase  system  and  that  taken  in  by  the  load  is  stored  as  a 
part  of  the  momentum  of  the  revolving  part  of  the  set,  to  be  delivered 
at  the  next  moments.  The  motor-generator  is  dispensed  with  if  an 
unbalancing  of  the  polyphase  system  is  not  objectionable.    Thus,  on 
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single-phase  railways,  two  tracks,  or  various  sections  of  the  same  track, 
are  supplied  from  different  phases  of  the  same  polyphase  alternator, 
the  load  being  at  times  out  of  balance. 

The  inverse  transformation  from  a  single-phase  to  a  perfect  polyphase 
system  is  impossible  for  the  same  reason,  without  the  medium  of  a 
revolving  motor-generator  set.  An  imperfect  two-phase  system  (split- 
phase  arrangement)  can  be  produced  by  suitable  combinations  of 
resistance,  inductance  and  capacity.    See  §§  81  and  536. 


CHAPTER  XXI. 

ALTERNATORS  AND  SYNCHRONOUS  MOTORS— OPERATING 

FEATURES. 


452,  An  alternator  is  an  electrical  machine  for  producing  alternating 
currents.  The  essential  parts  of  a  modern  alternator  are  shown  in  Fig 
354.  It  consists  of  a  stationary  armature  in  which  currents  are  induced, 
and  of  the  revolving  magnetic  poles  whose  function  it  is  to  induce  the>e 
currents.  The  exciting  current,  which  energizes  these  magnet  pole> 
is  conducted  into  the  revolving  part  through  the  two  slip  rings  shown.* 


Arniiitiirtr  i-»H* 


A  r  1 1 1. 1 1  -.i  < ■  i  'nf  ■ 

(buutuAicd) 


FteUl  call* 


SliprtNBv.. 
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Fig.  ,'J54.     The  principal  parts  of  an  alternator,  or  of  a  synchronous  motor. 

The  particular  alternator  shown  in  the  sketch  is  an  eight-pole,  three- 
phase  machine;  it  has  four  armature  coils  for  each  phase,  or  one  side 

*  There  is  a  type  of  alternator,  so  called  inductor  type,  in  which  both  the  exciting 
and  the  armature  windings  are  stationary;  the  pole  projections  alone  are  rotated,  and 
the  e.m.f.  is  induced,  due  to  periodical  changes  in  the  reluctance  of  the  magnetic 
circuit. 

4*2 
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of  a  coil  under  each  pole.  Part  of  the  coils  have  their  free  ends  bent 
upward  to  leave  room  for  the  other  coils.  The  armature  core  is  lami- 
nated and  is  held  together  by  a  cast-iron  frame. 

By  varying  the  speed  of  the  machine,  the  frequency  of  the  generated 
current  is  varied:  for  instance,  the  above  machine,  when  driven  at  a 
speed  of  900  r.p.m.,  gives  7200  alternations  per  minute,  or  60  cycles 
per  second.  Whenever  a  pole  passes  under  a  conductor  it  produces 
one  impulse,  or  one  alternation.  With  8  poles,  8  alternations  are 
produced  during  one  revolution  of  the  machine,  or  8  X  900  =  7200 
alternations  in  one  minute.  One  positive  and  one  negative  alternation 
give  one  complete  period  of  alternating  current;  thus  7200  alternations 
make  3600  periods  (or  cycles)  per  minute,  or  60  cycles  per  second. 
For  a  description  of  direct-reading  frequency  indicators  see  §  474 
below. 


Fig.  355.     Diagram  of  connections  of  a  single-phase  alternator  at  no  load. 

453.  EXPERIMENT  21 -A.  —  No-Load  Characteristics  of  an 
Alternator.  —  The  purpose  of  the  experiment  is  to*  investigate  the 
dependence  of  the  voltage  of  an  alternator  on  exciting  current  and 
speed.  If  the  machine  is  a  single-phase  alternator,  it  is  wired  up  as  in 
Fig.  355;  for  three-phase  connections  see  §  425.  It  is  preferable  to  per- 
form this  experiment  on  a  single-phase  machine  because  the  relations  to 
be  investigated  are  the  same  as  in  a  polyphase  machine,  while  the 
wiring  and  the  measurements  are  much  simpler. 

Run  the  machine  at  its  rated  speed  and  increase  the  field  excitation 
in  steps;  read  the  corresponding  alternating  voltages  and  field  amperes. 
Take  readings  also  with  decreasing  field  current,  so  as  to  eliminate  the 
influence  of  residual  magnetism.  Repeat  the  same  test  with  a  higher 
and  a  lower  speed.  A  frequency  meter,  if  available  (see  §  474),  should 
be  used  to  give  direct  readings  of  frequency,  and  will  make  it  easier  to 
keep  the  speed  constant. 

Report.  Give  a  short  description  of  the  machine,  and  plot  the 
voltage  curves  to  field  amperes  as  abscissae  (Fig.  381).  Figure  out  the 
corresponding  frequencies  in  alternations  per  minute  and  in  cycles  per 
second.  .  Show  that  with  the  same  exciting  current  the  induced 
voltages  are  proportional  to  speed. 
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454.  Load  Characteristics  of  Alternators.  —  When  a  load  is  put 
on  an  alternator,  as  in  Fig.  356,  the  terminal  voltage  decreases,  because 
of  a  voltage  drop  in  the  machine  itself.  This  drop  depends  upon  the 
magnitude  of  the  load  and  on  its  power  factor.  Therefore  when  the 
load  varies,  the  terminal  voltage  fluctuates. 

One  of  the  most  important  problems  in  the  operation  and  design  of 
alternators  is  that  of  reducing  the  fluctuations  of  the  voltage  with  vary- 
ing load.  These  fluctuations  are  particularly  objectionable  on  light- 
ing circuits,  because  of  the  accompanying  flickering  of  the  lamp^. 
Therefore,  certain  requirements  and  guarantees  in  regard  to  the  maxi- 
mum fluctuations  in  voltage  are  usually  introduced  into*  contract* 
regarding  the  performance  of  alternators.  These  requirements  are 
now  usually  stated  in  accordance  with  the  recommendations  of  the 
American  Institute  of  Electrical  Engineers,  in  the  form  of  a  guarantee 


Fig.  366.    Diagram  of  connections  of  a  loaded  single-phase  alternator. 


of  a  certain  inherent  regulation  of  the  machine  (see  Report  of  Committee 
on  Standardization ,  Sectwn  on  Regulation). 

The  definition  of  the  term  "  regulation/'  as  given  there,  may  )ye 
best  explained  by  means  of  a  numerical  example.  Suppose  an  alter- 
nator to  be  connected  to  the  line,  driven  at  the  rated  speed,  and  loaded 
to  its  full  capacity  on  a  non-inductive  load,  at  the  rated  voltage,  say  22*10 
volts.  Then,  let  the  load  be  thrown  off  and  the  voltage  measured 
again  at  the  same  field  current  and  the  same  speed.  Suppose  it  to  )ye 
2330  volts;  by  definition,  the  regulation  of  the  machine  is 


2330  -  2200  _•_ 
2200 


5.9  per  cent. 


The  practical  meaning  of  the  regulation  is  as  follows:  Suppose  the 
above  alternator  to  be  running  in  the  evening,  at  practically  full  load. 
on  incandescent  lighting,  current  being  supplied  to  residences  through 
2200-volt  to  110-volt  house  transformers.  The  lamps  are  burning  at 
their  rated  voltage  (110  volts).  As  time  advances,  lamps  are  gradually 
turned  off,  the  load  on  the  machine  decreases  and  the  voltage  rises. 
unless  the  field  current  is  at  all  times  properly  regulated.     When  only 
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a   tew    lamps  remain  burning,  the  machine  is  running  at  practically 
no  load,  and  the  voltage  would  be  about  2330  volts,  or 

2330  X^~T=  H6.5  volts 
**00 

at   the   lamps;  this  is  too  high    for  110- volt  lamps,  and   would  con- 
siderably shorten  their  life. 


Fio.  367 


Relative  position  of  poles  and  armature  winding  when  the  induced 
e.ui.f.  is  a  maximum. 


Of  course,  the  switchboard  attendant  in  the  power  house  watches 
the  voltage  and  regulates  the  field  rheostat  accordingly.  But,  since 
the  load  fluctuates  constantly,  it  is  very  difficult  to  keep  the  voltage 
fairly  constant,  if  the  machine  has  a  poor  inherent  regulation. 

The  better  the  desired  regulation  of  the  machine,  the  more  expensive 
it  is  to  build.    For  this  reason,  a  knowledge  of  the  factors  affecting  regu 
iation  becomes  of  great  commercial  importance,  a*  well  as  of  purelj 
engineering  interest. 


Fio.  858. 


Relative  position  of  poles  and  armature  winding  when  the  induced 
e.m.f.  is  zero. 


45*.  Influence  of  Power  Factor  of  the  Load  on  the  Internal 
Voltage  Ur^F* — >w«%-i  *■  "•  ~  -  ~ * :«  en^oid***^1-  •  --<*«*u 
when  the  load  is  inductive  (arc  lamps,  induction  motors,  etc.);  the  lower 
the  power  factor  the  worse  being  the  regulation  of  the  machine.  This 
may  be  explained  in  two  different  ways: 

(I)  The  more  the  current  lags  behind  the  induced  e.m.f.,  the  greater 
is  the  demagnetizing  action  of  the  armature  upon  the  field.  At  a  high 
power  factor  the  maximum  of  the  current  wave  in  the  armature  occurs 
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Fig.  369.  Volt- 
age  drop  in  an 
alternator,  at 
a  high  power 
factor. 


when  the  armature  conductors  occupy  the  position  shown  in  Fig.  357. 
The  maximum  of  the  voltage  wave  occurs  at  about  the  same  time 
(at  high  power  factor^,  the  maximum  of  the  current  occurs  when  the 
voltage  is  near  its  maximum,  and  this  occurs  when 
the  conductors  are  in  the  position  shown).  With 
a  low  power  factor  the  maximum  of  the  current  occurs 
nearerthe  position  indicated  in  Fig.  358,  or  one  quarter 
of  a  period  later  than  for  unity  power  factor.  It  will 
be  easily  seen,  that  in  the  second  case  the  demag- 
netizing action  of  the  armature  currents  is  much 
more  effective,  the  field  of  the  ihachine  is  weakened 
more,  and  the  terminal  voltage  reduced  to  a  larger 
extent,  than  at  a  high  power  factor. 

(2)   Another    way  of  explaining    the    influence  of 

power    factor    on    regulation   is  by  considering  the 

ohmic  and  the  inductive  drop  in  the  armature.     The 

relations  at  a  high  power  factor  are  shown  vectorially 

in   Fig.  359.      OB   is   the   terminal    voltage   of   the 

machine;  OA  is  the  current,  lagging  behind  it  by  an 

angle  <£,  corresponding  to  the  power  factor  of  the  load. 

The  ohmic  drop  ir  in  the  armature  is  represented  by 

e  vector  BC  parallel  to  the  vector  of  the  current; 

*  inductive  drop  ix  by  CD  perpendicular  to  the  same. 

le  inauc«u  _  f   of  the  machine,  OD,  is  the  geo- 

Jtrical  sum  of  the  teim^aj  ^nnffe%  „„h  +hP  v©Jtage 

op  in  the  armature.     With  regard  to  the  components 

f  the  induced  e.m.f.  it  can  be  said  that  the  part  DC 

is  lost  in  the  armature  reactance,  the  part  CB  in  its 

resistance;  the  rest,  OB,  is  available  at  the  terminals 

of  the  machine. 

Fig.  360  represents  a  similar  diagram  for  the  same 
values  of  induced  e.m.f.  and  armature  current,  but 
for  a  lower  power  factor  (angle  <f>  is  larger).  It  will 
be  readily  seen  that,  for  obvious  geometrical  reasons, 
the  terminal  voltage  OB  is  lower  in  this  case,  than  Fl6,  8iW' 

inTigrSoV;-. 

In  reality  both  factors,  the  demagnetizing  action  of 
the  armature  and  the  armature  inductance,  are  present 
simultaneously,  so  that  the  above  two  explanations 
should  be  taken  in  their  entirety  to  cover  the  actual  phenomenon. 

456.   Performance  Curves.  —  As  was  stated  above,  the  regulation, 
or  the  voltage  drop  in  an  alternator,  depends  not  only  upon  amperes 


Volt- 
age H*-^  4ii  an 
alternator,  at 
a  low  power 
factor. 


Chap.  21] 


SYNCHRONOUS  MACHINES  —  OPERATION. 


487 


No- Load 


output,  but  also  upon  the  power  factor  of  the  load.  For  this  reason 
the  regulation  of  an  alternator  cannot  be  represented  by  one  curve,  as 
in  case  of  a  direct-current  generator  (Fig.  267),  but  requires  a  set  of 
curves,  either  as  shown  in  Fig.  361  or  in  Fig.  362.  The  first  set  gives  the 
terminal  voltage  as  a 
function  of  variable 
power  factor,  for 
constant  values  of 
the  armature  cur- 
rent. The  second  set 
of  curves  gives  the 
values  of  terminal 
voltage  as  a  function 
of  variable  armature 
current,  for  constant 
values  of  the  power 
factor.  The  two  sets 
are  equivalent,  and 
one  can  be  plotted 
from  the  other.      In 


90       80 


70        60        50       40        30 
Percent  Power  Factor 


SO 


15" 


Fig. 


361.     Voltage  characteristics  of  an  alternator,  as 
depending  on  the  power-factor  of  the  load. 


taking  these  curves  on  an  actual  machine  it  is 
easier  to  keep  the  current  constant,  than  to  maintain  a  constant  power 
factor;  therefore  the  results  are  usually  plotted  as' shown  in  Fig.  361. 
Then,  if  desired,  the  ordinates  of  these  curves  can  be  recombined  so 
as  to  obtain  the  curves  shown  in  Fig.  362. 


457.    EXPERIMENT    21-B.  —  Voltage 


Load  Amperes 

Fi<;.  362.     Voltage  characteristics  of  an  alternator,  as 
depending  on  the  load  current. 


Characteristics  of  a 
Loaded  Alternator. — 

The  purpose  of  the 
experiment  is  to  obtain 
regulation  curves  (Fig. 
361)  showing  the  in- 
fluence of  the  current, 
and  of  the  power  factor 
of  the  load,  on  the 
terminal  voltage  of  an 
alternator.  In  order 
to  facilitate  the  experi- 
ment, a  single-phase 
machine  should  be 
selected.    Qualitatively 


the  same  phenomena  are  observed  in  polyphase  alternators,  while  the 
measurements  are  more  complicated. 
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The  connections  are  shown  in  Fig.  356;  they  are  the  same  as  in  Fig. 
355,  save  that  a  load  is  added,  consisting  of  a  resistance  R,  and  an 
impedance  coil  L  in  parallel  with  it.  The  current  may  be  regulated 
separately  in  either  branch,  and  read  on  the  corresponding  ammeters  A, 
and  Az;  the  ammeter  At  measures  the  total  current  of  the  machine. 
In  reality,  all  three  currents  are  usually  read  on  the  same  ammeter 
which  is  connected  in  succession  into  the  three  parts  of  the  circuit,  by 
means  of  a  suitable  multi-throw  switch,  or  polyphase  board  (§  49). 
In  some  cases,  especially  with  large  machines,  it  is  convenient  to  use 
a  synchronous  motor  as  a  load,  with  or  without  ohmic  resistances  in 
parallel.  By  regulating  the  field  current  of  the  motor,  it  may  be 
made  to  take  a  large  leading  or  lagging  wattless  component  and  thus 
vary  the  power  factor  of  the  load  (see  §  470). 

Begin  the  experiment  by  determining  the  value  of  the  field  current, 
at  which  the  machine  gives  its  full  rated  (non-inductive)  current  at 
normal  voltage.  This  field  current  and  the  speed  of  the  machine  must 
\ye  kept  constant,  while  the   curves,  shown  in  Fig.  361,  are  taken. 

Begin  the  readings  with  the  most 
unfavorable  conditions  —  lowest 
power  factor  and  heaviest  current 
(about    25    per   cent    overload). 

Fig.  808.      Diagram  of  currents  shown       KeeP    the    CUrrent    constant   and 
by  the  three  ammeters  in  Fig.  856.  gradually  raise  the  power  factor 

to  100  per  cent  by  reducing  the 
inductive  component  of  the  current  and  increasing  the  current  in 
the  non-inductive  resistance.  This  will  give  the  lowest  regulation 
curve.  Take  all  the  other  curves  in  a  similar  manner,  and  finally 
throw  off  the  load  altogether  and  measure  the  no-load  voltage  (the 
upper  horizontal  line). 

For  each  point  on  the  curves  read  volts,  amperes  and  watts;  also  read 
separately  the  amperes  in  the  inductive  and  the  non-inductive  branches 
of  the  circuit  (ammeters  A2  and  Az).  It  will  be  seen  that  the  arith- 
metical sum  of  these  currents  is  always  larger  than  the  total  current 
shown  on  the  ammeter  Alf  since  the  two  currents  A2  and  A3  are  not  in 
phase  with  each  other;  At  represents  their  geometrical. sum  (Fig.  363). 

The  readings  may  be  conveniently  recorded  on  a  data  sheet  similar 
to  the  one  shown  below. 

Report  (1)  Plot  the  curves  shown  in  Fig.  361,  and  supplement  them 
by  a  curve  showing  per  cent  regulation  at  full-load  current,  with  different 
values  of  power  factor  (§  454). 

(2)  Explain  by  means  of  an  example  how  to  convert  the9e  curves 
into  the  curves  shown  in  Fig.  362. 
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(3)  Take  a  few  sets  of  readings  of  total  and  component  amperes, 
and  construct  triangles,  as  shown  in  Fig.  363.  From  such  triangles 
the  power  factor  can  be  determined  without  the  use  of  a  wattmeter. 
See  if  the  values  of  the  power  factor  determined  as  the  .ratio  of  Oil/ to 
O  N  check  with  those  figured  from  the  wattmeter  readings. 


Load 

Amps.  Constant  at  - 

Per  Cent  Full  Load  Hating. 

Amperes. 

Volts. 

Watts. 

1 

Field       !    Sraed 
Amps.    !    hPeert- 

Non-Ind. 

Ind. 

Total. 

Inst.  No. 

. 

1 

Const. 

I 

i 

i 

* 

• 

1 

1                  1 

1 

458.  Maintaining  Constant  Voltage  —  In  the  above  explanations 
and  while  performing  experiment  21-B,  it  is  assumed,  that  the  field 
current  is  not  varied,  and  that  no  attempt  is  made  to  keep  the  voltage 
constant.  In  actual  operation,  however,  the  terminal  voltage  of  the 
machine,  rather  than  the  field  current,  ;s  kept  constant,  and  the  field 
excitation  is  varied  according  to  the  load.  Jt  is  of  importance  to  know 
the  limits  within  which  the  field  current  must  be  varied  in  order  to  keep 
the  voltage  constant  (Fig.  364) .  The  designer  is  interested  in  this  in  order 
to  give  proper  dimensions  to  the  field  coils  and  to  the  field  rheostat. 
The  operating  engineer  wants  to  know  this  curve  in  order  to  be  able  to 
judge  how  sensitive  the  alternator  is  to  changes  of  load,  and  how 
difficult  it  will  be  to  maintain  the  proper  voltage  regulation.  The 
curve  shown  in  Fig.  364  is  called  the  excitation  characteristic;  it  gives  the 
values  of  field  amperes  necessary  for  maintaining  a  consant  terminal 
voltage  with  different  loads.  The  horizontal  line  shows  the  value  of 
field  current  which  gives  the  same  terminal  voltage  at  no  load. 

459.  EXPERIMENT  21 -C.  —  Excitation  Characteristics  of  an 
Alternator.  —  The  connections  are  the  same  as  in  Experiment  21  -B; 
similar  load  tests  must  be  performed,  and  the  same  data  sheet  may  be 
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.aACHESBt- 


At  No-Load 


used.    The  only  difference  is  that  now  the  terminal  voltage  is  kept  con- 
stant, and  the  field  current  is  varied  accordingly. 

The  regulation  of  an  alternator  depends  essentially  on  the  degree  of 
saturation  of  the  magnetic  circuit;  with  highly  saturated  pole-pieces 
even  a  considerable  number  of  demagnetizing  ampere-turns  on  the 
armature  has  less  effect  than  a  smaller  number  with  unsaturated  poles. 
Therefore  a  machine  with  highly  saturated  poles  gives,  under  equal 
circumstances,  a  better  regulation,  though,  of  course,  it  requires  more 
copper  on  the  exciting  coils. 

In  order  to  see  the  effect  of  saturation,  take  two  sets  of  curves,  with 

different  terminal  voltages.     Select  one  of  the  voltages  as  high  as  it  is 

•  possible  to  obtain  with  highly  inductive  load,  by  cutting  out  all  the 

resistance  of  the# field  rheostat.     The  other  voltage  must  be  selected 

considerably  lower  —  if  pos- 
sible, below  the  knee  of  the 
saturation  curve  (Fig.  151). 
In  each  case  begin  the  run 
with  the  lowest  power  factor 
obtainable.  Gradually  in- 
crease the  power  factor  up 
to  100  per  cent,  keeping  the 
current  constant,  and,  at 
the  same  time,  varying  the 
exciting  current  so  as  to 
keep  the  terminal  voltage 
constant.  Then  throw  off 
the  load  and  reduce  the 
field  current  so  as  to  get  the 
same  voltage  again.  This  wall  give  the  ordinate  of  the  horizontal  line 
shown  in  Fig.  364.  For  each  setting  of  the  load  read  field  amperes 
and  watts;  keep  volts,  armature  amperes  and  the  speed  constant. 

460.  Tirrell  Regulator.  —  Large  variations  of  voltage  common 
with  alternators  make  an  automatic  pressure  regulation  highly  desir- 
able. Numerous  attempts  at  compounding  alternators  have  proven 
to  be  impracticable  as  they  are  too  complicated.*  Another  solution, 
namely,  placing  an  automatic  regulator  outside  of  the  machine,  proved  to 
be  more  of  a  success.  The  Tirrell  regulator,  described  in  $  309  in  appli- 
cation to  direct-current  generators,  may  be  used  with  some  modifica- 
tions for  maintaining  constant  voltage  on  alternators. 

*  An  original  type  of  self-exciting  and  compounded  alternator,  designed  by  Mr 
E.  F.  Alexanderson  for  the  General  Electric  Co.,  apparently  has  good  chances  for 
commercial  success.     See  Transactions  of  the  A.  I.  E.  E.,  January,  1906. 


Terminal  Volts  =-•  Const. 
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Fi«.   304.     Excitation  characteristics  of  an 
alternator. 
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The  regulator  is  represented  schematically  in  Fig.  365.  As  is  ex- 
plained in  the  description  of  the  direct-current  regulator,  it  periodically 
short-circuits  the  field  rheostat  of  the  machine,  or,  in  this  case,  the  field 
rheostat  of  the  exciter.  The  relative  durations  of  short-circuit  and 
open  circuit  are  made  to  depend  on  the  terminal  voltage  of  the  alterna- 
tor.  The  exciter  rheostat  is  short-circuited  between  the  two  relay  con- 
tacts, when  the  differential  relay  under  the  contact  arm  is  deenergized. 
The  deenergizing  is  done  by  the  main  contacts,  which  are  closed  and 
opened  by  the  direct-current  control  magnet  shown  to  the  left.  The 
duration  of  the  contact  is  determined  by  the  position  of  the  right-hand 
lever  actuated  by  the  alternating-current  control  magnet. 


Potential 
Transformer 


Fig.  865.     Diagram  of  connections  of  the  Tirrell  voltage-regulator  as  used 
with  an  alternator. 

Assuming  first  the  main  contacts  to  be  open,  only  the  left-hand  leg  of 
the  differential  relay  is  energized  and  the  relay  contacts  are  opened. 
This  brings  down  the  exciter  voltage,  and  the  spring  st  closes  the  main 
contacts.  A  current  flows  through  the  right-hand  leg  of  the  differential 
relay,  destroying  its  magnetism.  Thereupon  the  relay  contact  is 
closed,  and  the  exciter  voltage  suddenly  increased.  The  D.  C.  control 
magnet  overcomes  the  action  of  the  spring  st  and  again  opens  the  main 
contacts,  etc.  Thus,  both  contacts  are  all  the  time  vibrating,  and 
maintain  the  right  exciter  voltage.  If  the  voltage  on  the  alternating- 
current  side  should  increase  above  normal,  the  A.  C.  control  magnet 
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is  pulled  upward.  This  brings  the  main  contacts  farther  apart,  and 
reduces  the  time  of  short-circuit  of  the  exciter  rheostat;  the  voltage 
is  thus  brought  back  to  its  normal  value.  If  the  A.  C.  voltage  should 
lie  below  normal,  the  same  solenoid  brings  the  main  contacts  closer 
together. 

If  it  is  desired  to  have  the  alternator  over-compounded  —  to  give  a 
higher  voltage  with  increasing  load  —  a  series  winding  is  provided  on 
the  A.  C.  control  magnet  connected  to  the  main  line  through  a  series 
transformer.  Its  action  is  such,  that  when  the  load  increases,  the  main 
contacts  are  brought  closer  together.  The  number  of  turns  on  this 
winding  is  adjustable  for  different  degrees  of  over-compounding.  The 
condenser  shown  across  the  relay  contacts  serves  for  suppressing 
sparking  at  these  contacts.  The  other  details  of  the  apparatus  are 
clearly  seen  in  the  diagram.  In  its  general  appearance  the  regulator 
is  similar  to  the  direct-current  regulator,  shown  in  Fig.  274. 

461.  EXPERIMENT  21-D.  —  Study  of  the  Tirrell  Regulator.  - 

The  regulator,  described  in  preceding  article,  is  connected  as  shown  in 
Fig.  365,  and  its  performance  observed  under  various  conditions  mer 
with  in  practice.  Vary  the  load  of  the  machine,  in  turn,  gradually 
and  suddenly;  vary  its  speed,  setting  of  the  rheostats,  adjustments  of 
springs,  etc.  Connect  the  compound  winding  and  observe  its  action 
with  various  values  of  power  factor  of  the  load.  Investigate  the  action 
of  all  factors  separately,  and  report  .results  systematically  and  with 
necessary  explanations. 

ALTKRNATORS    IN    PARALLEL. 

462.  Two  direct-current  machines  can  be  put  in  parallel  as  soon  as 
their  voltages  are  approximately  equal  (§  312.)  But  before  switching 
two  alternators  in  parallel  three  conditions  must  be  fulfilled;  namely, 
the  machines  must 

(1)    Give  the  same  voltage; 
/  (2)    Have  the  same  frequency; 

(3)    Be  in  phase  with  one  another. 

Unless  all  these  requirements  were  fulfilled,  one  of  the  machines  would 
send  part  of  the  current  into  the  other  machine,  instead  of  sending  it 
to  the  line.  Only  when  the  e.m.f.'s  of  both  alternators  are  equal  at  al! 
moments — which  means  the  fulfillment  of  the  above  three  conditions — are 
their  actions  properly  combined,  and  each  can  send  its  current  to  the  line. 

The  process  of  bringing  an  alternator  to  the  voltage,  frequency  and 
pha>e  of  another  alternator  is  called  synchronizing  (the  worJ  literally 
means  "bringing  in  the  same  time").     Let  us  investigate  what  would 
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occur  if  two  alternators  should  be  connected  to  the  same  bus-bars  with- 
out all  of  the  above-stated  conditions  being  fulfilled.  ( 

(1)  If  the  two  machines  are  excited  so  as  to  give  different  wttages, 
the  other  two  conditions  being  fulfilled,  a  wattless  current  circulates 
between  the  two  machines,  leading  in  the  machine  excited  lower,  and 
lagging  in  the  machine  excited  higher.  This  has  the  effect  of  strengthen- 
ing the  field  of  the  first  machine  and  weakening  the  field  of  the  second 
machine;  the  resultant  voltage  at  the  bus-bars  is,  therefore,  somewhere 
between  the  voltages  of  the  two  machines.  The  set  may  still  work 
satisfactorily,  provided  this  wattless  current  is  not  too  heavy,  but  it 
does  not  help  the  operation  and  gives  an  unnecessary  PR  loss  in  the 
armatures  of  both  machines.  Should  this  wattless  current  become 
sufficiently  large,  it  may  heat  up  the  machines  or  open  the  main  circuit- 
breakers,  though  the  external  load  may  be  quite  small. 

(2)  If  the  machines  have  a  different  frequency t  the  current  which 
they  supply  is  an  interference  current,  without  any  definite  frequency; 
it  could  not  be  used  either  for  lamps  or  motors.  To  see  this  clearly, 
draw  two  sine  waves  of  frequencies  differing  by,  say,  5  per  cent,  one 
from  the  other,  and  add  them  together.  Moreover,  under  such  circum- 
stances each  machine  would  be  partially  short-circuited  on  the  other; 

i  fact,  if  coupling  without  synchronizing  is  attempted,  the  circuit- 
rotecting  devices  immediately  open  the  circuit. 

(3)  If  the  machines  are  not  in  phase,  in  other  words,  if  the  maxima 
r  their  e.m.f.  waves  do  not  occur  at  the  same  moments,  a  current 

^rculates  between  the  two  machines,  under  a  pressure  equal  to  the 
fference  of  their  e.m.f/s,  and  we  have  again,  in  an  exaggerated  manner, 
le  conditions  described  above  under  (1).  It  may  also  be  pointed  out 
:»re,  that  if  the  two  machines  have  different  wave  forms,  equalizing 
inrents  are  always  present  to  some  extent,  but  unless  the  wave  forms 
-e  very  much  different,  these  currents  do  little  harm  aside  from  caus- 
ig  additional  heating  of  the  machines,  and  lowering  somewhat  their 
Ticiency. 

Knowing  the  frequency  of  the  supply  and  the  numfo^-of  poles  of  the 
uichine  to  be  synchronized,  it  is  easy  to  determine  the  fcpeed  necessary 
>r  the  desired  frequency.  If,  for  instance,  the  machine  has  30  poles, 
gives  30  alternations  during  one  complete  revolution;  so  that  if  the 
•equency  of  the  supply  is  7200  alternations  per  minute,  the  Machine  must 
?volve  7200  -5-  30  =*  240  times  per  minute  in  order  to  give  this  number 
f  alternations.  The  simple  rule  is:  the  speed  of  an  alternator  in  r.p.m. 
;  found  by  dividing  the  frequency  of  the  supply  (in  alternation*  per 
linute),  by  the  number  of  poles  of  the  machine.  For  a  description  of 
irect-reading  frequency  indicators  see  §§  475  and  476  below. 


494 


SYXCHROXOUS  MACHIXES  —  OPERATION. 


[Chap.  21 


*A 

X~\ 

Line 

Machine 

— A 

\ 

— Bi 

0— 

a 

\ 

— C 

Fio.  366.     Synchronizing  lamps. 


After  the  right  speed  has  been  approximately  obtained,  the  field  of  the 
alternator  is  so  adjusted  as  to  give  about  the  same  voltage  as  that  »f 
the  bus-bars  to  which  the  machine  is  to  be  connected.  It  only  remains 
then  to  bring  the  machine  into  phase  with  the  voltage  at  the  bus-bars 
This  is  done  either  by  means  of  properly  connected  incandescent  lamps 
(synchronizing  lamps),  or  special  instruments,  so-called  synchroscope^ 
or  synchronism  indicators. 

463.   Synchronizing  Lamps.  —  Synchronizing  lamps  are  connected 

as  shown  in  Fig.  366,  around    the  main  switch  which  connects  the 

machine  to  the  bus-bars.     As  long  as  the  alternator  is  not  in  phase  with 

the  line,  equalizing  currents  circulate  through  it,  and«the  lamps  a  serve 

both  to  reduce  and  to  indicate 
a 

these  currents.  By  varying 
the  speed  of  the  alternator,  it 
is  possible  to  extinguish  the 
lamps;  this  will  show  that  the 
machine  is  in  perfect  synchro- 
nism, and  the  switch  can  be 
closed.  The  sketch  illustrates 
the  case  of  a  three-phase  machine;  with  a  single-phase  machine  one  of 
the  lines,  say  CCit  is  omitted. 

Some  prefer  to  have  synchronizing  lamps  crossed,  as  shown  in  Fig. 
367.     The    machine    is    in  synchronism  when  the  lamps  glow  the 
brightest.     As  an  advantage  of  this  arrangement,  it  is  claimed  that 
should  a  lamp  burn  out  during  the  process  of  synchronizing,  the  oper- 
ator would  immediately  notice  it,  while  with  the  first  arrangement 
he   may  judge,  by  the  lamps 
being    extinguished,   that   the 
machines   are  in   perfect  syn- 
chronism.   Thus  he  may  close 
the  switch  while  the  machine 
is    altogether    out    of    phase, 
and,  unless  the  protective  de- 
vices (fuses  or  circuit-breakers)  operate  promptly,  the  machine  may 
be  damaged  by  the  rush  of  current.     However,  the  possibility  of  a 
synchronizing  lamp  burning  out  is  rather  remote,  and,  with  two-  or 
three-phase    machines,   the   burning  out  of  one  set  of  lamps  wouLi 
not  affect  the  others.      On  the  other  hand,  it  is  generally  considered 
that    it   is  easier  to  observe  moments  of  total  extinguishing  than 
moments  of  maximum  brilliancy. 

With  three-phase  machines,  crossing  synchronizing  lamps  in  two 
phases  is  very  convenient,  especially  when  the  lamps  are  arranged  in  a 
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Fig.  367.     Crossed  synchronizing  lamps. 
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circle,  as  in  Fig.  368.  In  this  case,  maximum  brightness  occurs  in  the 
three  sets  of  the  lamps  in  rotation,  so  that  the  light  appears  traveling 
along  the  circle.  The  direction  in  which  the  light  rotates  depends  on 
whether  the  speed  of  the  machine  is  low,  or  high.  When  the  machine 
is  in  synchronism,  the  lamps  marked  "  3"  are  dark,  while  the  lamps  "  2  " 
and  "  1  "  glow  brightly. 

If  two  220- volt  single-phase  machines  are  to  be  put  in  parallel,  at  least 
four  ordinary  110-volt  synchronizing  lamps  should  be  used  in  series, 
because  at  certain  moments  dur- 
ing synchronizing  the  e.m.f/s  of 
the  machines  may  be  acting  in 
the- same  direction  instead  of  in 
opposition,  thus  giving  440  volts. 
It  is  even  better  to  have,  under 
these  conditions,  5  lamps  in  series, 
so  as  not  to  let  them  glow  too 
brightly;  then  it  is  easier  to 
observe  the  periods  of  the  ex- 
tinguishing of  the  light.  With 
two  three-phase  machines  of  the  same  voltage,  the  pressure  across  the 
lamps  in  each  phase  can  never  exceed  220  volts,  so  that  two  110-volt 
lamps  in  series  are  sufficient,  though  three  lamps  may  give  a  better 
service. 


Fio.  868.    Synchronizing  lamps  ar- 
ranged in  a  circle. 


Fig.  869.    Connections  to  a  single-phase  synchronism  indicator. 

464.  Synchronism  Indicators.  —  During  the  last  few  years,  syn- 
chronizing lamps  have  gradually  given  place  to  special  synchronizing 
instruments,  so-called  synchroscopes,  or  synchronism  indicators.  These ' 
devices  have  the  appearance  of  ordinary  switchboard  instruments  (Fig. 
369),  except  that  the  pointer  has  no  retaining  spring  or  weight,  and 
is  free  to  revolve  through  360  degrees.  When  the  speed  of  the  alter- 
nator to  be  synchronized  is  low,  the  pointer  revolves  in  one  direction;  if 
it  is  high,  it  rotates  in  the  opposite  direction.     When  the  speed  is  right, 
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the  pointer  stands  still;  and  when  the  machine  is  "  in  phase,"  the 
pointer  shows  zero,  indicating  that  the  main  switch  may  be  closed. 

In  their  construction  synchronism  indicators  resemble  small  alter- 
nating-current motors.  The  field  is  connected  to  one  of  the  machines, 
or  to  the  line,  and  the  armature  to  the  machine  to  be  synchronized 


Machine 


Fig.  370.    The  revolving  armature  of  a  General  Electric  synchronism 

indicator. 


(Fig.  370).  When  the  frequencies  of  the  two  machines  are  different, 
the  resultant  field  in  the  synchronism  indicator  constantly  changes  its 
position,  making  the  armature  revolve  in  one  or  the  other  direction. 
When  the  frequency  is  the  same,  the  field  is  stationary  in  space;  when 
finally  the  machines  are  in  phase  with  each  ,pt her,  the  field  occupies  such 

a  position  that  the  pointer,  connected  to 
the  armature,  shows  zero. 

The  synchronism  indicator,  illustrated  in 
Figs.  369,  370  and  371,  is  adapted  for  use 
with  single-phase  alternators,  though  it 
may  be  used  with  polyphase  alternators  as 
well.  The  stationary  field  is  connected  to 
the  bus-bars  (line) ;  the  revolving  armature 
is  connected  to  the  machine  to  be  "  thrown 
in/1  through  some  inductance  L  and 
resistance  R,  usually  an  incandescent 
lamp.  The  armature  is  of  the  drum  type; 
it  has  two  coils  rigidly  fastened  at  right 
angles  to  each  other  and  connected  in 
series.  Their  junction  is  connected  through 
the  collector  ring  E  to  the  binding  post 
marked  E.  The  other  two  terminals  are  brought  out,  also  through 
collector  rings,  to  binding  posts  C  and  D   (Fig.  371). 


Fio.  871.  The  actual  con- 
nections between  the  split* 
phase  box  and  the  syn- 
chronism indicator. 
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R  and  L  are  used  for  "  splitting  "  the  phase  of  the  armature  current, 
so  as  to  produce  a  revolving  field,  as  in  single-phase  induction  motors 
(see  §  536).  The  two  currents  in  the  armature  coils  are  displaced  in 
phase,  and  the  coils  themselves  are  also  displaced  geometrically;  under 
these  conditions  the  two  currents  produce  a  revolving  magnetic  field. 
A  and  B  are  the  terminals  of  the  stationary  field  winding  of  the  syn- 
chroscope; it  is  excited  from  the  main  bus-bars. 

Thus,  we  have  in  this  device  a  stationary  pulsating  field  produced  by 
one  machine  and  a  revolving  field  (split-phase  arrangement)  produced 
by  the  other  machine.  If  the  frequencies  of  both  machines  are  equal, 
there  is  a  certain  stable  position  of  the  armature  of  the  synchronism 
indicator,  in  which  position  the  interaction  between,  the  two  fields  is 
practically  zero.  If,  however,  the  frequencies  are  different,  one  sine 
wave  continually  changes  its  phase  relation  with  respect  o  the  other, 
and  the  position  of  stability  of  the  armature  also  continually  changes. 
This  causes  the  armature  to  revolve  at  a  speed  equal  to  the  difference 
of  the  frequencies. 

No  split-phase  arrangement  is  used  in  synchroscopes  which  are 
specially  built  for  two-  or  three-phase  service,  and  all  the  windings  are 
stationary;  the  revolving  element  consists  merely  of  a  light  iron  vane. 
The  construction  is  similar  to  that  of  the  power-factor  meter  shown  in 
Fig.  85,  except  that  shunt  transformers  are  used  instead  of  the  series 
transformers  T.  One  of  the  machines  is  connected  to  the  three-phase 
winding  W  which  produces  a  revolving  magnetic  flux.  The  coil  P 
inside  of  this  winding  is  connected  to  one  of  the  phases  of  the  other 
machine.  The  revolving  flux  produced  by  W  may  be  considered  as 
consisting  of  two  pulsating  components;  when  the, machines  have  the 
same  frequency,  one  of  these  components  is  destroyed  by  the  action 
of  the  coil  P,  and  the  magnetic  vane  is  held  in  the  direction  of  the 
other  component.  When  the  machines  are  not  in  synchronism  no 
perfect  compensation  is  possible,  and  the  magnetic  vane  revolves, 
following  the  rotating  magnetic  field. 

465.  Remarks  on  Synchronizing.  —  Some  additional  remarks  may 
be  useful  for  performing  the  experiment  on  synchronizing  alternators, 
described  below. 

(1)  For  synchronizing  high-tension  alternators,  the  synchronizing 
lamps  and  synchronism  indicators  are  connected  through  potential 
transformers. 

(2)  Ordinary  voltmeters  can  be  used  for  synchronizing,  instead  of 
lamps;  a  voltmeter  can  be  safely  connected  between  the  machines 
because  of  its  high  resistance.  When  the  machines  are  in  synchronism, 
the  voltmeter  pointer  comes  to  zero;  otherwise  it  swings  to  and  fro. 
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(3)  In  synchronizing  three-phase  machines,  lamps^must  be  pro- 
vided in  at  least  two  phases.  It  is  not  sufficient  to  have  the  lamps  in 
one  phase  only,  because  when  A  is  connected  to  Ax  (Fig.  366),  B  may 
be  connected  to  Cx  and  C  to  Blt  thus  causing  a  partial  short-circuit. 

(4)  Automatic  synchronizing  devices  have  recently  been  put  on  the 
market;  they  operate  on  the  relay  principle  and  automatically  close  the 
main  switch  when  the  machine  is  in  synchronism.  It  is  not  possible 
at  this  writing  to  pass  judgment  regarding  the  practicability  of  these 
automatic  synchronizers,  but  should  they  prove  to  be  a  success,  they 
will  materially  reduce  the  amount  of  time  necessary  for  synchronizing 
large  alternators.  An  automatic  synchronizer  is  described  in  the 
Electric  Journal,  1907,  p.  490. 

(5)  With  two  direct-current  generators  working  in  parallel,  the 
amount  of  power  delivered  by  one  of  the  machines  can  be  increased  by 
increasing  its  field  excitation  (§  312).  Such  is  not  the  case  with  alter- 
nators; Increasing  the  excitation  merely  produces  vxitUess  currents, 
which  tend  to  demagnetize  the  field  and  thus  reduce  its  strength  to  the 
former  value.  The  only  way  to  increase  the  output  of  an  alternator. 
working  in  parallel  with  other  machines,  is  to  increase  the  input  into 
the  driving  motor,  or  the  prime  mover.  Then  the  working  component 
of  the  current  is  also  increased. 

466.  EXPERIMENT  2 1-E.  — Exercises  in  Synchronizing  Alter- 
nators.—  The  experiment  should  be  conducted  as  follows: 

(1)  Practice  synchronizing  a  single-phase  alternator,  or  one  phase 
of  a  polyphase  alternator,  using  it  as  a  single-phase  machine.  After 
this  has  been  successfully  accomplished,  the  synchronizing  of  three 
phases  may  be  tried.  The  student  is  warned  against  closing  the  main 
switch  too  soon;  the  lamps  should  remain  extinguished  several  seconds 
at  a  time,  in  order  to  be  sure  that  the  machine  is  in  synchronism  and 
at  the  right  speed. 

(2)  Synchronize  with  lamps  crossed,  as  per  Figs.  367  and  368. 

(3)  Try  synchronizing  with  a  voltmeter. 

(4)  Connect  up  and  observe  the  operation  of  a  synchronism  indi- 
cator. 

Repeat  each  experiment  several  times,  and  form  your  opinion  as  to 
how  long  it  should  take  to  synchronize  the  machine  under  ordinary 
commercial  conditions,  from  the  time  it  is  started  from  rest  until  it  is 
connected  to  the  bus-bars  and  takes  its  share  of  load. 

(5)  See  what  effect  it  has  on  the  machine  if  it  is  switched  in  without 
having  the  three  necessary  conditions  fulfilled  (§  462) :  the  voltage  of 
the  machine  not  brought  up  to  the  proper  value,  the  machine  not  in 
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phase  with  the  supply  voltage,  etc.  This  produces  a  partial,  or  even 
a  complete,  short-circuit;  hence,  be  sure  that  the  machine  is  properly 
protected  by  a  reliable  circuit-breaker,  which  will  instantly  open  the 
circuit. 

(6)  Vary  the  excitation  of  the  alternator  without  increasing  the  input 
into  the  driving  motor:  It  will  be  found  that  the  current  may  be  in- 
creased several  times,  while  the  wattmeter  reading  will  be  compara- 
tively little  affected;  this  will  show  that  the  increase  in  current  is  due  to 
a  wattless  component.  Some  increase  in  the  wattmeter  reading  will  be, 
however,  noticeable,  due  to  a  larger  copper  loss  with  heavier  currents 
(see  under  (5)  in  the  preceding  article). 

(7)  After  the  machine  has  been  synchronized  and  connected  t 
supply,  open  the  main  switch  of  the  driving  motor;  the  set  w' 
tinue  to  rotate,  the  generator  having  evidently  become  a  motor 
the  other  machine.    To  make  this  still  more  evident,  instead  o 
the  motor  switch,  leave  the  direct-current  motor  connected  to  it 
and  gradually  increase  its  field  current.     The  counter-e.m.f.  of  tf  or  a 
will  increase,  and  the  current  drawn  from  the  line  will  diminish, 
this  counter-e.m.f.  becomes  higher  than  the  e.m.f.  of  the  supply, 
motor  begins  to  send  current  back  into  the  circuit,  thus  becoming 
direct-current  generator.     At  the  same  time,  the  power  generated  "by^ 
the  alternator  will  diminish,  and  finally  the  wattmeter  will  begin  to  read 
in  the  opposite  direction,  showing  that  the  machine  now  takes  in  some 
power,  instead  of  generating  it;  in  other  words,  it  is  acting  as  a  syn- 
chronous motor. 

Thus,  by  properly  regulating  the  energy  relations  in  the  driving 
motor,  the  alternator  can  be  made  to  operate  either  as  a  generator,  or  as 
a  motor. 

Report.  (1)  State  how  long  it  should  take  an  experienced  man  ta 
synchronize  the  alternator  with  lamps;  with  a  voltmeter;  with  a  syn- 
chroscope. 

(2)  Describe  the  phenomena  observed  when  the  main  switch  was 
closed  without  having  the  machine  properly  synchronized. 

(3)  Plot,  to  alternator  field  current  as  abscissae,  the  results  of  the 
run  (6),  specified  above.  Plot  the  armature  current,  watts,  working 
component  of  the  current,  its  wattless  component  and  the  current 
input  into  the  driving  motor.     Give  an  explanation  of  the  curves. 

(4)  Plot,  to  the  field  current  of  the  driving  motor  as  abscissae; 
currents  in  the  armatures  of  both  machines,  volts,  watts,  and  the 
efficiency  of  the  set.  In  plotting  watts  consider  the  output  of  the 
alternator  as  positive,  the  input  into  the  synchronous  motor  as  nega- 
tive; use  the  opposite  signs  for  the  driving  motor. 
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OPERATING    FEATURES    OF   SYNCHRONOUS    MOTORS. 

467a.   It  has  been  pointed  out  in  §  466  [under  (7)]  that  an  alternator 
may  act  under  certain  circumstances  as  a  motor,  and  is  called  in  this 
case  a  synchronous  motor.    The  action  of  such  a  motor  may  be  explained 
as  follows:  Suppose  the  machine  to  be  single-phase  and  to  be  brought 
up  to  the  required  speed  by  some  external  means.    Assume  that  at  a 
certain  moment,  the  relative  position  of  the  pole-pieces  and  of    the 
armature  winding  is  such  that  the  winding  attracts  the  pole-pieces  (Fig. 
357).     As  the  machine  is  supposed  to  revolve  synchronously,  the  pole- 
nieces  change  their  position  during  one  alternation  of  the  supply  current 
l4*  ne  pole  pitch,  so  that  the  north  poles  come  in  place  of  the  south 
^^aand  vice  versa.     At  the  same  time  the  direction  of  the  armature 
'5'  is  reversed,  so  that  the  mutual  force  between  the  two  is  again 
amount^  and  not  ^pulsion. 

increase  0^her  speed  but  synchronous,  there  would  be  a  repulsion  at 
nofr>rs.)menj.s  ftn(j  an  attraction  for  the  rest  of  the  time;  the  resultant 
wllic  aken  over  a  considerable  length  of  time  is  zero.  This  shows 
iorm^jg  neceSgary  to  bring  the  machine  up  to  its  synchronous  speed, 
w%e  it  is  capable  of  developing  mechanical  power.  The  same  expla- 
x  ition  holds  true  for  each  phase  of  a  two-phase  or  a  three-phase  machine, 
the  actions  of  the  phases  being  added  together. 

Another  explanation  limited  to  the  case  of  polyphase  synchronous 
motors  is,  that  the  polyphase  armature  winding  produces  a  revolving 
field  (see  §  520)  which  rotates  synchronously  in  the  air-gap.  The  field 
poles  of  the  machine  must  revolve  at  the  same  speed  in  order  that  there 
be  a  constant  attraction  between  the  two  magnetic  fields:  otherwise 
south  poles  and  north  poles  are  brought  together  in  succession  and  the 
resultant  attractions  and  repulsions  neutralize  each  other. 

467b,  Starting  Synchronous  Motors.  —  The  above  explanation  of 
the  action  of  synchronous  motors  shows  that  they  must  be  started  and 
brought  up  to  full  speed,  before  being  capable  of  carrying  a  load.  The 
following  means  are  used  for  starting  synchronous  motors  and  bringing 
them  up  to  speed: 

(1)  A  small  induction  motor,  usually  mounted  on  the  same  shaft 
with  the  synchronous  motor,  and  disconnected  from  the  supply  after 
the  synchronism  has  been  reached.  * 

(2)  If  a  source  of  direct  current  is  available,  the  exciter  machine 
belted  or  direct-connected  to  the  motor,  may  be  used  for  starting. 

(3)  Synchronous  motor  itself  (if  polyphase)  may  be  converted  i 
an  induction  motor  and  started  as  such. 

For  further  details  see  §  506  on  starting  rotary  converters. 
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practically  the  same  as  are  described  there.  A  type  of  dampers,  used 
with  revolving  field  machines  for  preventing  hunting,  is  shown  in  Fig. 
374.     The  dampers  consist  of  heavy  copper  wedges  driven  in  between 
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J74.    Copper  bridges  (dampers)  between  the  poles  of  an  alternator  or  a 
synchronous  motor,  to  prevent  hunting. 


the  tips  of  the  pole-pieces,  and  are  identical  in  their  action  to  those 
shown  in  Fig.  392. 

FREQUENCY   METERS. 

474.  Instead  of  measuring  speed  of  alternators  by  speed  indicators, 
or  tachometers,  it  is  convenient  to  have  an  instrument  which  reads 
directly  in  cycles  or  alter-  8cale 

nations,  and  may  be  placed 
on  the  switchboard  at  any 
distance  from  the  machine. 
Such  instruments  are  called 
frequency  meters,  and  are 
often  found  in  large  gene- 
rating stations  and  sub- 
stations. The  type  largely 
used  in  this  country  is 
based  on  a  purely  electrical 
split-phase  arrangement. 
Another  type,  popular  in 
Europe,  utilizes  vibrating 
reeds  attuned  to  different 
frequencies.  These  two  types  of  frequency  meters  are  described  in 
the  following  articles. 


Fig.  375. 


An  induction-type  frequency  meter 
(Westinghouse) . 
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475.  Split-Phase  Frequency  Meter.  —  The  frequency  meter  shown 
in  Fig.  375  is  essentially  a  combination  of  two  induction  voltmeters 
described  in  §  42.  Two  split-phase  electromagnets  Mx  and  M2  are 
each  of  the  same  construction  as  the  one  shown  in  Fig.  43.  They  act 
in  opposite  directions  on  the  aluminum  disk  D,  thus  constituting  a 
differential  voltmeter.  To  make  the  instrument  respond  to  changes 
of  frequency,  the  winding  of  one  of  the  electromagnets  is  connected 
in  series  with  some  inductance  L,  and  the  other  winding  with  some 
resistance  R.  The  current  in  the  branch  M\  containing  the  resist- 
ance is  practically  independent  of  frequency;  the  current  in  the  branch 


Fig.  876.  Hartman  &  Braun  electro-acoustic  frequency  meter. 

XI2  decreases  as  the  frequency  increases,  thus  giving  preponder- 
ance to  the  electromagnet  Mx.  To  each  frequency  there  corresponds 
a  definite  position  of  the  aluminum  disk,  and  the  instrument  is  cali- 
brated in  cycles  per  second.  The  calibration  is  made  by  connecting 
the  frequency  meter  to  an  alternator,  the  speed  of  which  is  measured 
directly  by  a  speed  counter. 

476.   Resonance   or  Vibrating   Reed   Frequency    Meter.  — The 
frequency  meter  shown  in  Fig.  376  is  based  on  an  entirely  different 
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principle,  namely,  on  that  of  vibrating  steel  reeds.  A  steel  strip,  Fig. 
377,  fastened  at  one  end  and  free  at  the  other  end  has  a  natural 
vibration  period,  and  is  easily  set  into  vibrations  by  outside  impulses 
of  the  right  frequency.  The  reeds  are  made  of  different  length  and 
different  inertia,  so  as  to  vibrate  at  different  frequencies,  and  are 
mounted  in  a  circle.  By  means  of  the  handle  the  reeds  may  be 
brought  in  succession  before  the  poles  of  two  laminated  electro- 
magnets shown  in  front.  These  electromagnets  are  connected  to 
the  alternating-current  supply,  the  frequency  of  which  it  is  desired 
to  measure.  When  one  of  the  electromagnets  is  opposite  the  correct 
reed  it  vibrates  violently  producing  a  distinct  tone;  the  corresponding 
frequency  is  read  on  the  scale. 


3BB0I bbqqqq MaBHaSDola               |p 

Bolder  ^  eight 
Etoetro-lhciiftt 

1111 

O 
A.C.  Supply 

: 

Fig.  377.     Measuring  frequency  of  alternating  current  by  means  of  vibrating 

steel  reeds. 

The  two  electromagnets  are  at  first  set  close  to  each  other,  so  as  to 
act  on  the  same  reed;  then,  when  the  proper  reed  has  been  located,  the 
magnets  are  separated  so  as  to  inclose  three  or  five  reeds  with  the  right 
reed  in  the  center.  This  practically  stops  its  vibration,  and  the  sound 
which  would  be  annoying,  while  deviations  from  the  standard  fre- 
quency may  be  noted  on  the  adjacent  reeds. 

It  has  been  found  that  the  reeds  may  be  made  to  vibrate  by  currents 
of  double  their  normal  frequency  if  direct  current  be  allowed  to  flow 
at  the  same  time  through  separate  windings  on  the  cores  of  the  electro- 
magnets, thus  polarizing  the  reeds  in  one  direction.  This  doubles  the 
useful  range  of  the  instrument.  The  explanation  is,  that  a  non-polarized 
reed  is  attracted  by  the  current  of  either  direction,  while  a  polarized 
one  is  attracted  by  impulses  of  one  direction  only,  being  repelled  by  the 
opposite  impulses.  Consequently,  a  double  of  the  original  frequency 
of  current  is  required  to  make  the  reed  vibrate  at  its  natural  frequency. 

Frequency  meters,  built  on  the  same  principle  for  switchboard  service, 
have  electromagnets  extending  over  all  the  reeds.  The  vibrating  reed 
is  observed  on  the  dial,  instead  of  being  noted  acoustically.  This 
makes  the  instrument  direct-reading  without  the  necessity  of  turning 
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the  knob.  The  same  principle  is  applied  to  tachometers  intended  to 
be  read  at  a  distance.  An  interrupter  is  belted  or  direct-connected 
to  the  shaft,  the  speed  of  which  is  to  be  measured,  and  a  battery  is 
connected  to  the  frequency  indicator,  through  the  interrupter.  The 
number  of  interruptions  or  vibrations  depends  on  the  speed  of  the 
shaft,  and  the  instrument  may  be  calibrated  in  revolutions  per  minute, 
or  in  any  other  desired  units. 


CHAPTER  XXII. 

ALTERNATORS  AND  SYNCHRONOUS  MOTORS—  COMMER- 
CIAL TESTS. 

477.  Three  important  points  in  the  performance  of  alternators 
with  respect  to  which  certain  guarantees  are  usually  made  in  contracts 
of  sale,  are — efficiency,  temperature  rise,  and  per  cent  regulation. 

These  guarantees  are  usually  expressed  about  as  follows: 

(1)  The  efficiency  of  the  machine  shall  not  be  less  than  ....  per 
cent  at  full  load,  not  less  than  .  .  .  ..per  cent  at  three-quarter  load,  etc. 

(2)  Temperature  rise,  under  definitely  specified  conditions  of  opera- 
tion, shall  not  be  more  than  ....  degrees  Centigrade. 

(3)  Regulation,  or  voltage  drop  between  no  load  and  full  load,  shall 
be  within  ....  per  cent. 

In  many  cases  it  is  out  of  the  question  to  test  large  alternators  in 
actual  operation,  especially  before  they  leave  the  factory.  Various 
test  methods  have  been  devised  for  checking  the  above  three  points, 
without  expenditure  of  much  power.  The  most  important  *of  these 
tests  are  described  below. 

EFFICIENCY. 

478.  The  efficiency  of  alternators  and  synchronous  motors  is  deter- 
mined in  practice  by  the  same  two  methods,  as  the  efficiency  of  direct 
current  machines,  viz.,  from  the  losses  (Chapter  XVII),  and  from  an 
opposition  run  (Chapter  XVIII).  For  general  information  concerning 
efficiency  and  losses  see  §§  350  to  353;  most  of  the  explanations  given 
there  for  direct-current  machines  are  applicable,  with  self-evident 
changes,  to  alternating-current  machines.  Here,  also,  iron  loss  and 
friction  are  determined  by  either  of  the  three  methods  used  with  direct- 
current  machines,  namely:  (a)  the  machine  is  driven  mechanically  by 
a  small  auxiliary  motor;  (6)  the  machine  is  driven  electrically  as 
synchronous  motor;  (c)  by  the  retardation  method.  The  first  of 
these  methods  is  the  one  most  used  in  testing  alternators. 

479.  EXPERIMENT  22-A.  —  Efficiency  of  an  Alternator  from 
Losses.  —  For  this  test,  drive  the  machine  by  a  small  motor  at  the 
rated  speed,  with  various  values  of  exciting  current,  and  note  the  input 
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into  the  driving  motor.  Finally  take  off  the  belt  and  determine  th? 
losses  in  the  driving  motor  itself.  For  details,  see  the  conclus.-  : 
of  §  353. 

Measure  the  resistances  of  the  field  and  of  the  armature  by  t!  ~ 
drop-of-potential  method.  Before  leaving  the  laboratory,  ascertaii 
the  rated  field  current  at  full  load,  or  assume  it  with  sufficient  marjM 
above  that  at  no  load,  unless  an  actual  load  test  can  be  performed. 

In  machines  wound  with  heavy  conductors,  not  sufficiently  su!*- 
divided,  copper  loss  in  the  armature  is  considerably  increased  by  eddy 
currents  in  these  conductors.  In  such  cases  it  is  well  to  determine 
the  actual  copper  loss  in  the  armature  from  the  so-called  short-circuit 
test.  The  armature  winding  is  short-circuited  through  suitable  amme- 
ters, and  the  machine  is  driven  at  the  rated  speed,  with  such  an  excita- 
tion as  to  give  the  full  rated  current  in  the  armature.  The  iron  loss 
is  negligible,  the  field  being  very  weak,  so  that  the  input  into  the  driv- 
ing motor  corresponds  to  the  copper  loss  and  friction  in  the  alterna- 
tor. The  friction  is  determined  separately  by  driving  the  machine 
without  excitation,  and  the  copper  loss  in  the  armature  calculated 
as  the  difference  of  the  two. 

Report.  Show  actual  connections  used,  and  describe  the  perform- 
ance of  the  test.  Plot  an  efficiency  curve  for  non-inductive  load,  and 
also  plot  separate  losses  to  kilowatts  output  as  abscissae.  The  excita- 
tion loss  is  usually  calculated  from  the  formula  iV,  where  i  is  the  excit- 
ing current  and  r  the  resistance  of  the  field  winding.  This  is  not  quire 
correct;  the  loss  in  the  field  rheostat  must  also  be  -charged  to  the 
machine,  because  it  constitutes  an  unavoidable  loss  of  energy,  and  is 
present  in  every  alternator.  It  is  more  correct,  therefore,  to  figure 
out  this  loss  by  the  formula  ex,  where  e  is  the  standard  voltage  of  the 
direct-current  supply,  or  of  the  exciter.  Another  way  is  to  figure  out 
the  efficiency  of  the  alternator  without  the  excitation  loss,  and  to  state 
kilowatt  loss  in  the  field  separately. 

480.   EXPERIMENT  22-B.  —  Efficiency  of  an  Alternator  from 
the  Air-Box  Test.  —  All  the  losses  taking  place  in  electric  machines 
are  finally  converted  into  heat.     This  gives  a  method  for  determining 
the  sum  total  of  the  losses  by  measuring  the  quantity  of  heat   (in 
thermal  units)  developed  in  a  machine  during  a  certain  period  of  time. 
The  machine  under  test  is  inclosed  in  an  air-tight  box  with  walls  made 
of  poor  conductors  of  .heat,  and  is  run  under  such  conditions  as  to 
have  all  the  losses  present  to  their  full  value.     A  definite  quantity  of 
air  per  minute  is  blown  through  the  box,  and  its  temperature  measured 
at  the  intake  and  at  the  exhaust.     After  a  certain  number  of  hours  of 
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run,  the  temperature  of  the  machine  becomes  constant,  all  the  heat 
developed  being  conveyed  away  by  the  air.  Knowing  the  rate  of  air 
discharge,  and  the  difference  of  temperature,  the  thermal  units  devel- 
oped may  be  calculated  from  the  specific  heat  of  air.  Converting  them 
into  watts  (see  §  714)  gives  the  total  losses  of  the  machine. 

The  difference  of  temperatures  of  the  air  is  usually  quite  small  and 
must  be  measured  very  accurately.  Sensitive  electrical  thermometers 
with  an  accuracy  of  at  least  1/10  of  a  degree  are  well  adapted  for  the 
purpose.  The  air-box  method  has  been  applied  in  a  few  cases  for 
acceptance  tests  of  very  large  alternators,  in  power  houses  where  it 
was  not  possible  to  check  the  guaranteed  efficiency  by  any  other 
method. 

The  experiment  can  be  arranged  so  that  it  will  not  be  necessary 
to  know  the  absolute  quantity  of  air  supplied  by  the  blower.  For  this 
purpose  the  machine  is  stopped,  and  a  known  amount  of  power  is  sup- 
plied within  the  box,  for  instance,  by  passing  a  current  through  the 
armature  windings,  from  the  outside.  The  blower  must  continue  to 
run  at  the  same  rate  as  during  the  regular  test.  From  the  difference 
of  temperatures  after  steady  conditions  have  been  established,  the 
total  loss  in  the  machine  can  be  calculated.  Let,  for  instance,  the 
difference  in  temperature  during  the  load  test  be  10  degrees  C,  while 
it  was  only  5  degrees  C.  when  2500  watts  were  delivered  to  the  armature 
from  outside.     Evidently  the  total  loss  in  the  machine  was 

2500  Xn?  =  5000  watts, 
o 

481.  Efficiency  from  an  Opposition  Run.— Two  alternators  may 
be  tested  for  efficiency  under  actual  load  conditions  without  expendi- 
ture of  much  power  by  loading  them  in  opposition  (Chapter  XVIII). 
Thus,  two  identical  machines  may  be  driven  at  full  load  by  a  small 
auxiliary  motor,  as  is  explained  in  §  378  in  application  to  direct-current 
machines.  The  machines  must  be  rigidly  coupled  together  so  as  to 
preserve  the  same  frequency  and  the  same  phase  relation  throughout 
the  test.  An  ammeter,  a  voltmeter  and  a  wattmeter  are  connected 
between  the  machines.  One  machine  acts  as  a  generator,  the  other 
as  a  motor.  Any  desired  load,  at  practically  unity  power  factor,  may 
be  obtained  by  varying  the  relative  angular  position  of  the  armatures, 
by  means  of  the  coupling.  Leading  or  lagging  components  are  added 
by  varying  the  field  excitation  of  one  of  the  machines. 

Let  the  input  into  the  auxiliary  driving  motor  (corrected  for  the 
losses  in  the  motor  itself)  be  w,  and  the  wattmeter  reading  be  W.  The 
efficiency  of  both  machines  may  be  assumed  to  be  the  same;  let  it 
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be  =  17.  The  electrical  power  produced  by  the  machine  acting  a* 
generator  is  converted  into  mechanical  power  in  the  machine  acting  a- 
motor,  and  is  delivered  back  to  the  generator  through  the  shaft  ani 
the  coupling.  The  driving  motor  merely  supplies  the  losses  of  the  set 
Expressing  these  relations  mathematically,  we  have:  the  input  int< 
the  synchronous  motor  being  W ,  its  mechanical  output,  delivered  \> 
the  shaft  is  yW;  in  addition  to  this  the  auxiliary  motor  supplies  to  the 
shaft  an  amount  of  power  =  w.  Thus  the  power  available  for  driving 
the  generator  is  y W  +  w.  The  efficiency  of  the  generator  being  7,  it* 
electrical  output  is  17  (rjW  +  w);  on  the  other  hand,  we  know  from  the 
wattmeter  reading  that  the  output  of  the  generator  is  W.  Thus  we 
have  the  condition 

V(VW  +ir)  -  IF. 

This'is  a  quadratic  equation  with  respect  to  17;  the  positive  solution  is 

»---V+v(V) +1 l 

With  the  aid  of  this  formula  the  efficiency  of  either  machine  may  I* 
calculated  from  the  observed  values  of  W  and  w.  The  copper  loss  in 
the  field  must  be  taken  into  account  separately.  I 

482.    Behrend's  Split-Field  Test.  —  As  two  identical  machines  are 
not  always  available,  Mr.  B.  A.  Behrend  proposed  (after  a  suggestion 
by  Mr.  W.  M.  Mordey)  to  connect  two  halves  of  the  same  alternator  in 
opposition  to  each  other,  using  one  half  as  generator,  and  the  other  as 
synchronous  motor.     The  connections,  in  application  to  a  three-phase 
machine,  are  shown  in  Fig.   378.     The  armature  winding  is  short- 
circuited  through  three  ammeters;  the  field  winding  is  divided  into  two 
halves,  connected  in  opposition,  and  each  provided  with  a  regulating 
rheostat.     The  same  scheme  is  shown  mere  in  detail  in  Fig.  379.     In 
order  to  conduct  the  current  to  the  middle  point  of  the  field  winding, 
an  extra  slip  ring  c  is  provided,  in  addition  to  two  regular  slip  rings  a 
and  b.     Or,  else,  the  middle  point  of  the  winding  is  simply  connected 
to  the  spider,  and  a  temporary  brush  is  mounted  on  one  of  the  bearings, 
so  as  to  make  a  contact  with  the  shaft  of  the  machine.     The  current 
in  each  half  of  the  field  is  regulated  independently  by  the  rheostats 
Rt  and  R2,  and  ammeters  Ax  and  A2.     Only  two  ammeters  are  used 
in  the  armature  circuit,  because,  if  the  currents  in  the  two  phases  are    J 
equal,  the  third  current  is  necessarily  the  same,  the  three  vectors  form- 
ing an  equilateral  triangle. 

When  the  currents  in  the  two  halves  of  the  field  are  equal,  no  currents 
flow  in  the  armature  winding,  the  e.m.f.'s  induced  in  two  halves  of  the 
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armature  being  equal  and  opposite.  This  corresponds  to  the  case  of 
two  identical  machines  coupled  in  opposition  and  excited  to  the  same 
degree.  By  weakening  the  current  in  one  half  of  the  field  winding, 
the  two  e.m.f.'s  induced  in  the  armature  are  unbalanced,  and  a  current 
flows  through  the  ammeters  A  A.  The  machine  does  not  deliver  any 
useful  output,  so  that  the  input  into  the  driving  motor  is  merely  sufficient 
to  cover  the  losses  in  the  machine  itself.  By  having  the  same  armature 
current  and  the  same  field  current  (on  the  strongest  side)  as  at  full 
load,  the  input  into  the  driving  motor  represents  the  sum  total  of  the 
losses  in  the  alternator  under  test.     The  copper  loss  in  the  field  must  be 


Am. 


Fig.  378.     Diagram  of  Behrend's  split-field  method  for  testing  alternators. 


calculated  separately,  since  the  exciting  current  is  supplied  from  an 
independent  source. 

In  order  to  determine  the  proper  value  of  the  exciting  current  on  the 
"  generator  "  side  of  the  machine,  the  voltage  is  measured  across  one 
set  of  the  armature  coils,  by  puncturing  the  insulation  with  sharp 
points  on  the  voltmeter  leads.  Suppose,  for  instance,  that  the  machine 
under  test  is  a  2200-volt,  150-ampere,  24-pole,  3-phase,  F-connected 
alternator.  The^  voltage  between  each  terminal  and  the  neutral  point 
is  =  2200  -*-  VS  =  1271  volts.  A  24-pole  machine  has  12  groups  of 
armature  coils  per  phase  (see  Fig.  354) ;  thus,  the  voltage  across  one  set 
of  coils  is  1271  -*-  12  =  105.9  volts.  The  two  rheostats,  Rx  and  R2y 
must  be  adjusted  so  as  to  produce  150  amperes  in  the  ammeters  AA> 
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and  105.9  volts  across  a  set  of  armature  coils.    Then  the  losses  in  the 
machine  are  the  same  as  under  actual  load  conditions. 

An  objection  may  be  raised,  that  iron  loss  is  smaller  than  under  actual 
load  conditions,  only  one  half  of  the  poles  having  the  required  field 
strength.  Mr.  Behrend  proved,  however,  by  direct  tests  that  the  core 
loss  determined  from  a  no-load  run  is  practically  the  same  as  with  the 
split-field  test. 

r~ 
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Fig.  379.     Connections  f or  Behrend's  split-field  test  on  a  three-phase  alternator. 

If  the  corrected  input  into  the  driving  motor  is  w,  and  the  rated 

output  of  the  machine  is  W, 

W 

Efficiency  -  — 

W  +  w  +  field  i2r 

Behrend's  method  is  limited  to  alternators  with  a  considerable 
number  of  poles,  not  less  than  eight  or  ten.  Evidently  with  the  field 
connections,  shown  in  Fig.  379,  there  are  two  adjacent  north  poles, 
and  two  adjacent  south  poles,  which  cause  an  irregularity  in  the 
induced  e.m.f.  With  a  considerable  number  of  poles  this  irregularity 
does  not  seriously  affect  the  results. 

483.  EXPERIMENT  22-C.  —  Efficiency  of  an  Alternator  from 
an  Opposition  Test.  —  The  experiment  is  performed  either  on  two 
identical  machines,  as  explained  in  §  481,  or  by  using  the  split-field 
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arrangement  shown  in  Fig.  379.  Take  readings  on  partial  loads,  at  full 
load,  and  also  on  an  overload,  so  as  to  be  able  to  plot  a  complete 
efficiency  curve.  It  is  well  to  determine  the  losses  separately,  as  in 
§  479,  so  as  to  check  the  efficiency  from  the  losses. 

TEMPERATURE    RISE. 

484.  The  rise  of  temperature,  due  to  the  losses,  is  of  importance 
in  four  parts  of  the  machine: 

(1)  Armature  windings. 

(2)  Armature  core. 

(3)  Field  winding. 

(4)  Collector  rings. 

The  temperature  rise  in  the  two  latter  parts  depends  on  field  current 
only,  and  may  be  determined  by  running  the  machine  a  certain  number 
of  hours  with  the  field  fully  excited,  and  the  armature  circuit  closed 
or  open,  as  the  case  may  be.  The  temperature  of  the  collector  rings 
is  measured  by  thermometers;  that  of  the  field  coils  by  thermometers, 
as  well  as  by  the  increase  in  resistance.  For  copper,  resistance  increases 
by  0.42  per  cent  for  each  degree  Centigrade. 

It  is  more  difficult  to  obtain  the  correct  conditions  for  temperature 
rise  in  the  armature,  because  of  an  exchange  of  heat  between  the  core 
and  the  winding.  For  this  reason,  both  copper  and  iron  must  be 
brought  up  to  the  temperatures  during  the  test,  which  they  are  sup- 
posed to  have  during  the  actual  operation.  This  means,  that  a  full- 
load  current  must  be  flowing  through  the  armature  windings,  and  at 
the  same  time  a  normal  flux  maintained  in  the  core.  Several  methods 
have  been  proposed  for  obtaining  these  conditions  without  the  expendi- 
ture of  power,  corresponding  to  full-load  otttput.  Some  of  them  are 
described  below,  and  their  limitations  indicated. 

485.  Separate  Heat  Runs  for  Copper  Loss  and  Core  Loss. — When 
machines  of  a  standard  type,  on  which  heat  runs  have  been  previously 
made,  are  tested,  the  purpose  of  the  temperature  test  is  chiefly  to  ascer- 
tain if  the  new  machine  may  be  expected  to  give  the  same  temperature 
rise  in  actual  operation,  as  the  machines  previously  tested.  In  this 
case  it  is  permissible  to  run  the  machine  first  on  open  circuit  for  iron 
loss  only,  and  then  with  the  armature  short-circuited  for  copper  loss 
alone.  If  the  temperature  rise  under  these  conditions  is  not  more  than 
with  the  machines  previously  built,  which  proved  satisfactory  in  opera- 
tion, the  test  is  considered  as  conclusive. 

Of  course,  such  a  run  is  satisfactory  for  the  manufacturer,  but  not 
for  the  customer;  a  modification  described  in  the  next  article  makes 
it  possible  to  approach  much  more  closely  the  actual  temperature  rise. 


516     SYNCHRONOUS  MACHINES  —  COMMERCIAL  TESTS.      [Chap.  22 

486.  Hobart  and  Punga's  Temperature  Test.  —  With  this  method 
the  machine  under  test  is  run  alternately  on  iron  loss  and  on  copper  loss 
so  as  to  get  the  same  average  amount  of  losses  converted  into  heat  in 
the  armature,  as  under  actual  load  conditions.  An  example  may 
serve  to  illustrate  this  method:  Suppose  the  armature  copper  loss  in 
an  alternator  to  be  equal  to  20  kw.  and  iron  loss  36  kw.  The  machine 
is  run,  say,  10  minutes  with  the  armature  short-circuited  and  with  such 
a  current  flowing  through  it  as  to  give  60  kw.  less.  Then  the  machine 
is  run  20  minutes  on  open  circuit  with  a  field  excitation  such  that  it 
gives  an  iron  loss  equal  to  54  kw. ;  after  this  it  is  run  again  on  copper 
loss,  etc.  Under  such  conditions  the  same  total  amount  of  heat  is  sup- 
plied to  the  machine  as  if  20  +  36  kw.  were  supplied  continually. 
Indeed,  60  kw.  supplied  J  of  the  time  are  equivalent  to  20  kw.  supplied 
all  the  time,  and  54  kw.  converted  into  heat  §  of  the  time  are  the  same 
as  36  kw.  supplied  continuously.  At  the  end  of  several  hours  the 
machine  reaches  the  same  temperature  as  if  these  losses  were  supplied 
simultaneously  all  the  time,  with  the  advantage  that  only  a  small 
amount  of  energy  is  necessary  when  either  iron  or  copper  loss  is  sup- 
plied alone. 

This  method  implies  a  knowledge  of  the  magnitude  of  iron  loss;  the 
same  may  be  determined  by  driving  the  machine  at  no  load,  first 
excited,  and  then  with  the  field  circuit  open.  The  difference  of  input 
into  the  driving  motor  gives  the  iron  loss  of  the  alternator. 

In  order  to  save  time  and  power,  it  is  advisable  to  heat  up  the 
machine  by  an  overload,  viz.,  by  running  it  for  a  time  with  higher 
armature  currents  and  higher  field  excitation  than  are  calculated  for 
the  heat  run.  When  the  machine  is  warmed  up,  the  copper  loss  and 
the  iron  loss  are  reduced  to  their  correct  values.  With  this  method 
the  machine  assumes  its  final  temperature  in  a  much  shorter  time 
than  it  would  otherwise. 

Temperature  rise  in  the  field  winding  with  this  test  may  not  be  the 
same  as  in  regular  operation.  When  the  machine  is  running  on  iron 
loss,  the  field  is  above  normal,  while  it  is  considerably  below  normal 
during  the  periods  of  run  for  copper  loss.  It  is  possible,  however,  to 
so  adjust  the  relative  duration  of  the  two  parts  of  the  run  and  the 
values  of  the  losses,  that  the  total  amount  of  heat  developed  in  the  field 
winding  will  be  the  same,  as  under  actual  load  conditions.  For  details 
of  the  necessary  calculations,  see  the  original  paper  in  the  Electrical 
World,  1905,  Vol.  45,  p.  759;  the  method  is  also  explained  in  Hay's 
Alternating  Currents,  p.  175. 

487.  Heating  the  Armature  with  Direct  Current.  —  It  may  seem 
at  first  that  the  most  natural  way  to  conduct  the  heat  run  on  an  alter- 
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nator  would  be  to  run  it  with  full  field  on  iron  loss,  and  at  the  same 
time  send  a  direct  current  through  the  armature  windings,  to  produce 
the  required  copper  loss.  There  are,  however,  two  great  objections  to 
this  method  : 

(1)  The  armature  must  be  so  connected,  that  the  total  induced 
A.  C.  voltage  will  be  equal  to  zero;  otherwise  a  short-circuit  would  be 
produced  through  the  source  of  direct  current. 

(2)  The  stationary  field  produced  by  the  direct  current  in  the  arma- 
ture windings  should  not  induce  highe.m.f/s  in  the  field  winding. 

With  h,  single-phase  machine,  direct  current  may  be  sent  through 
two  halves  of  the  armature  winding  connected  in  opposition;  a  three- 
phase  machine  may  be  temporarily  connected  in  delta,  and  direct 
current  introduced  by  opening  one  of  the  vertices  of  the  delta.  There 
are  also  some  other  combinations  possible,  with  the  use  of  transformers, 
etc.,  but,  as  a  matter  of  fact,  this  method  is  very  little  used  in  practice. 

488.  Heat  Run  by  Opposition.  —  If  a  second  alternator  of  suitable 
size  is  available,  the  machine  under  test  may  be  run  in  connection  with 
the  other  machine  used  as  a  synchronous  motor.  By  under-exciting 
a  synchronous  motor,  it  may  be  made  to  take  a  large  apparent  input 
with  a  comparatively  small  expenditure  of  power.  The  arrangement 
is  similar  to  that  described  in  §  481,  except  that  in  this  case  it  is  not 
necessary  to  have  the  two  machines  rigidly  coupled  together. 

Instead  of  using  two  separate  machines,  the  two  halves  of  the 
machine  under  test  may  be  connected  in  opposition,  as  in  Fig.  379,  and 
an  adjustment  of  currents  and  voltages  made,  as  explained  in  §  482. 
The  machine  runs  with  the  same  copper  loss  and  the  same  iron  loss,  as 
under  actual  load,  and  gives  therefore  the  correct  temperature  rise. 
This  method  gives  satisfactory  results  only  when  the  number  of  poles 
is  not  less  than  eight;  hence,  unfortunately,  it  cannot  be  used  with 
modern  high-speed  turbo-generators. 

489.  Critical  Comparison  of  the  above  Methods.  —  When  only 
approximate  results  are  required,  or  the  test  is  merely  a  check  to  com- 
pare the  machine  with  machines  previously  built,  separate  heat  runs 
for  copper  loss  and  iron  loss  (§  485)  are  sufficient. 

For  machines  with  a  sufficient  number  of  poles,  Behrend's  opposition 
test  (§  488)  seems  to  be  the  most  practical. 

Turbo-generators  may  be  loaded  either  on  synchronous  motors 
(§  488),  or  heated  by  the  Hobart  and  Punga's  method  (§  486). 

With  the  advent  of  the  steam-turbine,  large  manufacturing  compa- 
nies begin  to  provide  facilities  on  their  testing  floors,  such  as  to  test 
sets  up  to  2000  kw.  and  more  under  actual  load  conditions.  In  some 
cases,  an  artificial  load  for  temperature  run  is  provided  even  in  power 
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houses,  where  the  machines  are  installed.  Whenever  possible,  tem- 
perature run  should  be  performed  with  the  machine  actually  loaded, 
because  this  permits  the  determination  simultaneously  of  the  regula- 
tion of  the  machine,  and  the  testing  of  its  mechanical  features,  such  as 
heating  of  bearings,  vibration,  etc. 

490.  EXPERIMENT  22-D-  —  Heat  Run  on  Alternators.  —  The 

purpose  of  the  experiment  is  to  make  practical  application  of  the 
methods  described  in  §§  485  to  488,  rather  than  to  obtain  actual 
numerical  data  on  temperature  rise.  A  regular  temperature  run  takes 
at  least  six  hours,  and  with  large  machines  even  ten  or  twelve,  while 
the  methods  themselves  may  be  illustrated  in  a  considerably  shorter 
time.  It  is  therefore  recommended  that  the  student  connect  up  the 
machine  under  test,  and  run  it  for  a  few  minutes  according  .to  the 
various  methods  described  above,  merely  to  make  clear  to  himself 
the  connections  and  the  operation. 

After  this,  select  one  of  the  methods,  say  Hobart  and  Punga's,  or 
Behrend's,  and  run  the  machine  for  an  hour  or  two.  Take  regular 
temperature  readings  by  thermometers  every  five  or  ten  minutes,  and 
check  them  from  time  to  time  by  the  increase  in  resistance.  Select 
such  an  overload  as  to  obtain  a  considerable  temperature  rise  in  the 
comparatively  short  time  allotted  for  the  experiment. 

Report.  Give  the  actual  connections  used,  the  readings  obtained  with 
various  methods,  and  plot  heat  curves  as  far  as  the  run  was  carried. 
If  desired,  extrapolate  the  heat  curves  by  the  method  described  in 
§  402. 

VOLTAGE    REGULATION. 

491 .  The  meaning  of  the  term  "  regulation"  is  explained  in  §  454;  the 
physical  significance  of  the  three  factors  affecting  regulation  is  given 
in  §  455.     These  factors,  in  the  order  of  their  importance,  are: 

(1)  Armature  reaction.    ' 

(2)  Armature  inductance. 

(3)  Ohmic  drop. 

It  has  also  been  shown  that  regulation  and  voltage  drop  depend  on 
power  factor  of  the  load,  as  well  as  on  the  value  of  the  current.  The 
methods  by  which  regulation  of  alternators  can  be  determined  from 
actual  tests,  or  predetermined  by  calculation,  are  described  below. 

492.  Regulation  at  Power-Factor  Zero.  —  According  to  the 
accepted  definition  of  regulation,  it  refers  to  the  variation  of  the  ter- 
minal voltage,  at  a  power  factor  of  100  per  cent.  In  testing  machines, 
however,  and  for  purposes  of  investigation,  it  is  much  more  convenient 
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to  consider  voltage  drop  and  regulation  at  the  power  factor  zero.   The 
reasons  are  as  follows: 

(1 )  In  many  cases  it  is  easier  to  obtain  a  large  load  at  a  power  factor 
practically  zero,  than  a  full  non-inductive  load.  Moreover,  the  regu- 
lation varies  considerably  at  high  values  of  power  factor,  but  is  prac- 
tically constant  at  any  value  of  power  factor,  say  below  20  per  cent. 
This  may  be  seen  by  eonsulting  Figs.  361  and  364. 

(2)  The  drop  at  a  power  factor  zero  is  the  largest  possible,  and  is 
therefore  more  acceptable  as  a  measure  of  the  quality  of  the  machine. 
Besides,  in  calculating  regulation  at  other  values  of  power  factor,  on 
the  basis  of  an  observed  regulation  at  zero  power  factor,  less  error  is 
committed  than  by  beginning  with  the  regulation  at  the  power  factor 
of  100  per  cent,  and  figuring  out  from  it  the  regulation  at  other  values 
of  power  factor. 

(3)  The  theory  of  armature  interference  is  much  simpler  at  a  power 
factor  zero,  because  the  armature  winding  produces  only  a  demagne- 
tizing, but  no  distorting  action  on  the  field  (Fig.  358). 

In  view  of  the  above  considerations,  there  is  a  tefidency  on  the  part 
of  some  progressive  engineers  to  introduce  into  contracts,  and  into 
general  engineering  practice,  regulation  at  a  power-factbr  zero  a%  a 
standard,  instead  of  regulation  at  a  power  factor  of  100  per  cent,  used 
at  present. 

Regulation  at  power  factor  zero  may  be  conveniently  represented 
by  two  curves,  N  V  and  OV0  (Fig.  380).  The  former  gives  the  values  of 
the  terminal  voltage  to  field  current  as  abscissae,  with  a  full-load  cur- 
rent, lagging  90  degrees,  flowing  through  the  armature.  On  the  other 
hand,  the  curve  OV0  gives  terminal  voltage  at  no  load.  If  gA  is 
the  rated  voltage  of  the  machine,  the  regulation  at  the  power  factor 
zero  is  represented  by  the  per  cent  ratio  A0A  to  gA.  The  curve  NV 
may  be  obtained  experimentally  by  loading  the  machine  on  an  under- 
excited  synchronous  motor,  on  induction  motors  running  light,  on 
choke  coils,  etc. 

The  method  for  predetermining  the  regulation  at  other  values  of 
power  factor,  from  the  regulation  observed  experimentally  at  a  power 
factor  zero,  is  explained  in  §§  501  and  502  below. 

493.  EXPERIMENT  22-E.  —Regulation  of  an  Alternator 
from  a  Synchronous  Motor  Load.  —  The  experiment  is  performed  as 
in  §  457,  but  the  power  factor  of  the  load  (synchronous  motor)  is  kept 
always  below  20  per  cent.  It  is  important  to  have  a  synchronous  motor 
of  sufficient  size,  so  as  to  obtain  enough  points  on  the  curve  NV  (Fig. 
380).     Begin  with  the  heaviest  current  which  the  generator  can  carry 
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and  with  the  highest  voltage  possible  at  this  load  with  a  low  power 
factor.  The  load  is  adjusted  by  regulating  the  field  current  of  the 
synchronous  motor.  Gradually  reduce  the  excitation  of  both  machines, 
so  as  to  get  a  curve  similar  to  iV  V.  Take  another  curve  for  a  smaller 
value  of  the  armature  current,  etc.  Finally  take  the  no-load  saturation 
curve  OV0. 

No  exact  wattmeter  readings  are  required,  except  that  the  power 
factor  must  be  sufficiently  low;  actual  experience  shows,  that  when 
the  power  factor  is  below  20  per  cent,  terminal  voltage  is  practically 


Fig.  380.     Curves  of  voltage  regulation  of  an  alternator  at  zero  power-factor. 


independent  of  its  actual  value,  and  depends  on  the  field  current  and 
the  armature  current  only. 

Report.  Plot  the  observed  curves  to  field  amperes  as  abscissae  (Fig. 
380);  determine  per  cent  regulation  at  power  factor  zero.  Figure  out 
per  cent  regulation  at  power  factor  100  per  cent  and  80  per  cent  by  the 
method  described  in  §  501,  or  by  the  more  accurate  method  shown  in 
§  502. 

494.  Regulation  by  Split-Field  Test.  —  Instead  of  using  a  synchro- 
nous motor,  one-half  of  the  alternator  under  test  may  be  converted  into 
motor  (Fig.  379) :  this  is  the  same  (Behrend's)  method  as  is  described  in 
§  482  for  determining  efficiency,  and  in  §  488  in  application  to  tempera- 
ture run.  By  suitably  adjusting  the  field  current  on  the  "generator  '' 
and  the  "  motor  "  side  of  the  machine,  a  full-load  current  may  be 
made  to  circulate  through  the  armature.     This  current  is  practically 
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wattless,  because  of  the  high  inductance  and  comparatively  low  resist- 
ance of  the  armature  windings;  thus  the  conditions  are  practically  the 
same  as  with  the  machine  loaded  at  a  power  factor  zero. 

The  terminal  voltage  is  determined  either  by  a  voltmeter,  as 
explained  in  §  482,  or  is  calculated  from  the  so-called  short-circuit  curve 
(Figs.  380  and  381).  The  short-circuit  curve  is  obtained  by  short- 
circuiting  the  armature  windings  upon  themselves,  through  suitable 
ammeters,  and  gradually  increasing  the  excitation,  with  the  fields 
connected  as  in  actual  operation.    The  curve  gives  the  values  of  the 


Field  Amperes 
Fig.  381.    No-load  and  short-circuit  characteristics  of  an  alternator. 


field  current  necessary  for  driving  different  currents  through  the  arma- 
ture windings.  It  is  usually  a  straight  line,  the  saturation  under  the 
conditions  of  the  test  being  quite  low. 

The  short-circuit  curve  is  used  for  calculating  the  fictitious  terminal 
voltage  of  a  machine  with  fields  connected  as  in  operation,  in  the  follow- 
ing way:  Assume  for  a  moment  that  the  "generator"  half  and  the 
"  motor "  half  are  two  separate  machines.  The  voltage  gA  at  the 
generator  terminals  is  equal  to  the  sum  of  the  motor  counter-e.m.f.  plus 
an  excess  voltage,  necessary  for  driving  the  current  through  the 
impedance  of  the  motor  armature.  \t  will  be  seen  from  Fig.  373  that 
when  the  power  factor  is  zero,  the  two  latter  e.m.f.'s  are  simply  added 
arithmetically,  and  not  vectorially.  Referring  again  to  Fig.  380,  let  Og 
be  the  excitation  of  the  generator,  and  Om  that  of  the  motor.  Also 
let  ON  be  the  field-current  necessary  for  driving  the  full-load  current 
NIi  through  the  armature  windings  (here  we  make  use- of  the  short- 
circuit  curve). 

Thus,  the  generator  must  supply  ampere-turns  Om  and  ON  to  balance 
the  action  of  the  motor      Making  ma  =  ON,  we  obtain  the  total  excita- 
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tion  Os  necessary  for  balancing  the  action  of  the  motor.  To  this 
excitation  there  corresponds  the  voltage  sB0y  which  the  generator  has 
to  supply  at  its  terminals.  On  the  other  hand,  the  actual  excitation 
of  the  generator  is  Og;  having  the  two  points  B0  and  g,  we  find  the  point 
A  on  the  required  regulation  curve  N  V.  Other  points  on  the  curve 
N  V  are  constructed  by  using  different  pairs  of  values  of  Om  and  Og, 
obtained  from  the  test. 

The  method  is  strictly  correct  only,  when  the  saturation  curve  be- 
tween 0  and  B0  is  practically  a  straight  line,  so  that  the  exciting 
current  is  proportional  to  induced  voltages;  this  is  very  nearly  the 
case  under  the  conditions  met  with  in  practice. 

We  assumed  in  the  above,  that  the  generator  and  the  motor  are  two 
separate  machines,  and  showed  how  to  figure  out  the  terminal  voltage 
gA  without  actually  measuring  it.  The  method  can  be  applied  directly 
to  a  machine  with  two  halves  connected  in  opposition,  as  in  Fig.  379 
where  the  separating  points  between  the  "generator"  and  the  "motor" 
side  of  the  armature  are  not  accessible,  since  they  travel  synchronously 
with  the  field.  The  reasoning  is  exactly  the  same  as  above;  it  is  not 
necessary  to  divide  by  two  the  induced  voltages  or  the  short-circuit 
current,  as  it  may  seem  at  first  on  the  ground  that  only  one-half  of  the 
armature  coils  are  active.  A  little  consideration  will  show,  that  the 
numerical  relations  are  exactly  the  same  as  if  the  whole  machine  were 
used  as  generator,  or  as  motor. 

495.  EXPERIMENT  22-F.  —Regulation  of  an  Alternator  from 
Behrend's  Split-Field  Test.  —  The  purpose  of  the  experiment  is  to 
determine  the  regulation  of  an  alternator  at  power  factor  zero.  The 
theory  of  the  method  is  explained  in  the  preceding  article;  the  connec- 
tions are  shown  in  Fig.  379. 

(a)  Bring  up  the  field  current  on  both  sides  as  high  as  possible,  and 
reduce  it  on  the  "motor  "  side,  until  a  full-load  current  flows  through 
the  armature.  Read  the  voltage  across  one  set  of  armature  coils,  as 
explained  in  §  482,  and  exciting  amperes  in  both  halves  of  the  field. 
Gradually  decrease  the  field  current  on  both  sides,  so  as  to  keep  the 
armature  current  constant,  read  again:  field  amperes,  the  voltage 
across  the  armature  coil,  etc.  Take  similar  curves  with  other  values 
of  armature  current. 

(b)  After  this  test  take  the  no-load  saturation  and  the  short-circuit 
curves,  as  in  Fig.  381,  and  measure  the  resistances  of  the  armature 
windings. 

Report.  Plot  the  curves  OV0,  OS,  and  NV,  as  in  Fig.  380.  See  if 
the  terminal  voltages  measured  by  the  voltmeter  check  with  those 
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predetermined  from  the  short-circuit  curve.  Figure  out  per  cent 
regulation  at  power  factor  zero,  80  per  cent,  and  100  per  cent,  as 
explained  in  §§  501  and  502. 

496.   Optimistic  and  Pessimistic  Limits  of  Regulation.  —  The 

question  of  predetermination  of  regulation  of  alternators,  without  an 
actual  load  test,  must  be  considered  as  only  partly  solved  at  present: 
The  methods  in  use  are  but  approximations  to  the  actual  complicated 
phenomena  of  armature  interference.  At  the  same  time,  it  is  a  com- 
paratively easy  matter  to  predetermine  the  limits  NV  x  and  NV2  (Fig. 
380)  between  which  lies  the  true  regulation  curve  N  V.  These  limiting 
curves  were  strikingly  called  by  Mr.  Behrend  the  "optimistic"  and 
"pessimistic"  curves.  They  are  useful  in  cases,  in  which  it  is  impos- 
sible to  get  the  true  regulation  curve,  or  where  it  is  deemed  suffi- 
cient to  know  the  limits. 

The  optimistic  and  the  pessimistic  curves  may  be  easily  plotted  from 
the  no-load  saturation  curve  0V0  and  the  short-circuit  curve  OS.  It 
is  explained  in  §  455,  that  the  armature  interference  (neglecting  ohmic 
.  drop)  is  caused  partly  by  armature  reaction,  partly  by  armature  induc- 
tance. The  optimistic  curve  is  obtained  on  the  assumption  that  all 
of  the  armature  interference  is  caused  by  the  armature  reaction,  the 
pessimistic  curve  —  on  the  assumption  that  all  of  it  is  caused  by  the 
inductance.  - .  ,      -,,:/'•'     -  , J 

(a)  The  reasoning  in  plotting  the  optimistic  curve  is  as  follows:  When 
the  armature  is  short-circuited,  and  a  rated  current  NIt  flows  through 
it,  the  armature  ampere-turns  are  equal  to  the  field  ampere-turns, 
because  no  field  is  left  to  induce  a  voltage  for  the  external  circuit. 
Therefore  ON  represents  the  demagnetizing  armature  ampere-turns 
with  full-load  current.  These  ampere-turns  are  the  same  at  any  ter- 
minal voltage,  provided  the  current  is  the  same  and  the  power  factor 
is  near  zero,  as  on  short-circuit  test.  Thus,  if  an  excitation  Os  is 
necessary  to  produce  a  certain  voltage  sB0  at  no  load,  an  excitation 
larger  than  this  by  the  amount  equal  to  ON  is  necessary  to  produce 
the  same  voltage  with  full-load  wattless  current  flowing  .through  the 
armature.  Plotting  Bo^i  —  0  N  we  obtain  a  point  Bt  on  the  full-load 
regulation  curve  NVV 

The  reasoning  is  the  same  for  all  points  on  the  curve  N Vt;  they  are 
obtained  by  merely  plotting  segments  C0Ci,  B0Bit  a^Ai,  etc.,  equal  to 
ON.  This  would  be  correct,  if  the  no-load  saturation  curve  0VQ  were 
a  straight  line,  so  that  the  same  number  of  ampere-turns  O  N  would 
equally  affect  the  voltage  with  all  values  of  the  exciting  current.  As 
this  is  not  the  case,  the  curve  NVt  is  not  the  true  regulation  curve. 
A  little  consWcrntirm  *vi]l    show,  that   it  gives  values  of  terminal 
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voltage  which  are  too  high;  for  this  reason  it  is  called  the  optimistic 


>r  thi 


(6)  In  plotting  the  pessimistic  curve,  it  is  assumed  that  all  of  the 
drop  in  the  armature  is  caused  by  the  inductance  of  the  armature 
windings,  as  in  Fig.  360.  Take  a  point  K9  on  the  short-circuit  curve, 
such  that  the  current  gKs  equals  3  times  the  normal  current  A7r 
It  takes  the  voltage  gA0  to  drive  this  current  through  the  armature, 
hence,  to  drive  the  current  NI9  through  the  armature,  with  the  same 
excitation  Og,  would  take  3  times  less  voltage.  Let  A0A2  be  = 
igA0;  then  the  rest  of  the  voltage,  gA2.  is  available  in  the  external  cir- 
cuit. Repeating  a  similar  operation  for  determining  other  points  on 
the  curve  OS  and  connecting  the  points,  such  as  A2t  the  pessimistic 
curve  NV2  is  obtained. 

A  simple  method  for  locating  points  on  the  pessimistic  curve  is  as 
follows:  To  find  the  point  corresponding  to  an  ordinate,  such  as  gA$. 
connect  0  to  A0  and  from  .V  draw  a  parallel  to  OA0;  the  point  of 
intersection  A2  of  this  parallel  with  gA0  lies  on  the  pessimistic  curve. 
To  prove  this,  denote  gA0  by  y  and  gA2  by  y2,  and  suppose  the  current 
g  K  to  be  n  times  larger  than  the  rated  current  NIg.  It  takes  a  voltage 
y  to  drive  the  current  gKa  through  the  armature;  consequently,  it  will 
take  y  -*-  n  to  drive  NI9  through  the  armature.  The  rest,  y2,  is  avail- 
able at  the  terminals  of  the  machine.     We  have,  thus: 


or 


But 

substituting,  we  find 


y2  =  .V  -  (y  -5-  n), 

y7  =  n  -  \   _gK,  -  NIM 

y        *  gK, 

A7,      ON' 

j^  =  Og  -  ON  ^   Ng^ 
y  Og  Og 


Consequently,  the  line  connecting  the  points  0  and  A0  is  parallel  to  that 
connecting  N  and  A2;  whence  the  above  construction. 

The  reasoning  in  constructing  the  pessimistic  curve  would  be  correct 
if  it  were  not  for  the  effect  of  saturation  in  iron;  a  little  consideration 
will  show  that  the  points,  obtained  by  the  method  described  above, 
lie  below  the  actual  regulation  curve,  whence  the  name  pessimistic 
curve. 

It  is  interesting  to  note,  that  if  the  no-load  saturation  curve  01  o 
were  a  straight  line,  both  the  pessimistic  and  the  optimistic  curves 
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would  coincide,  and  would  be  represented  also  by  a  straight  line  par- 
allel to  the  no-load  saturation  curve  and  passing  through  the  point  N. 

497.  EXPERIMENT  22-G.  —  Determination  of  Limits  of  Regu- 
lation of  an  Alternator.  —  The  purpose  of  the  experiment  is  to  obtain 
the  optimistic  and  the  pessimistic  curves  of  an  alternator,  as  explained 
above  (Fig.  380).  The  necessary  tests  comprise  the  determination  of 
the  no-load  saturation  curve  and  the  short-circuit  curve,  Fig.  381.  It 
is  generally  known,  that  polyphase  machines  give  better  regulation  than 
single-phase  machines.  To  observe  this,  take  two  short-circuit  curves; 
with  but  one  phase  short-circuited,  and  with  three  phases  short-cir- 
cuited. When  a  phase  is  short-circuited  between  the  terminals,  with 
the  machine  Y-connected,  two  phases  of  the  winding  are  connected  in 
series.  It  is  interesting  to  take  another  short-circuit  curve,  with  one 
phase  short-circuited  between  the  terminal  and  the  neutral  point.  In 
performing  this  test,  measure  the  open-circuit  voltages  in  the  two 
other  phases. 

Report.  Plot,  for  the  three-phase  machine,  all  the  .curves  shown  in 
Fig.  380,  except  the  actual  regulation  NV}  unless  it  has  been  deter- 
mined from  a  previous  test,  for  instance,  as  in  §  493.  Plot  similar 
curves  for  the  machine  running  single-phase,  and  compare  the  results, 
corresponding  to  the  same  value  of  field  current.  Plot  also  the  volt- 
ages induced  in  the  phases  which  were  not  short-circuited,  and  explain 
the  physical  meaning  of  these  voltages.  If  actual  regulation  tests  on 
the  machine  are  available,  show  that  with  the  three-phase  machine, 
the  actual  regulation  is  nearer  to  the  optimistic  limit  than  with  the 
single-phase  machine.  In  comparing  the  single-phase  and  the  three- 
phase  data  do  not  forget  to  reduce  the  voltages  to  the  same  number 
of  turns  per  phase. 

498.  Predetermination  of  Regulation  by  Torda-Heymann 
Method.  —  The  optimistic  and  the  pessimistic  curves  (§496),  which 
give  two  limits  of  actual  voltage  regulation,  would  coincide  if  the  no- 
load  characteristic  were  a  straight  line  (Fig.  380).  In  good  modern 
two-phase  and  three-phase  machines  the  actual  regulation  is  considerably 
closer  to  the  optimistic  than  to  the  pessimistic  limit,  the  influence  of 
the  armature  reaction  being  much  more  prominent  than  that  of  the 
inductance  of  the  armature  winding. 

On  the  basis  of  these  two  facts,  Dr.  Torda-Heymann*  developed  a 

method  of  predetermination  of  regulation,  in  which  the  "optimistic  " 

method  of  construction  is  used,  but  the  curve  obtained  is  corrected 

for  the  effect  of  saturation  in  iron,  and  thus  is  made  to  represent  the 

*  Electrician  (London),  K04,  Vol.  53,  p.  6. 
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actual  regulation  of  the  machine.  The  effect  of  saturation  Dr.  Torda- 
Heymann  expresses  in  what  he  calls  the  "  apparent  reluctance  "  of  the 
machine,  or  the  ratio  of  the  exciting  ampere-turns  to  the  corresponds: 
magnetic  flux  at  no  load.  But  the  exciting  ampere-turns  are  propor- 
tional to  the  field  current,  and  the  flux  is  proportional  to  the  induce! 
voltage.  Hence,  referring  to  Fig.  382,  the  apparent  reluctance  at  the 
field  current  Og  is  proportional  to  the  ratio  Og  -s-  gAo.    The  coefficien: 


Fig.  882.    The  Torda-Heymann  method  for  predetermination  of  regulation  at 
zero  power-factor. 

of  proportionality  has  no  bearing  on  the  method,  the  relative  values 
only  being  used. 

According  to  the  optimistic  method  (§  496a),  the  difference  kg 
between  the  abscissae  at  no  load  and  at  full  load  corresponding  to  the 
same  terminal  voltage  is  equal  to  ON  (Fig.  380),  or  with  the  notations 
in  Fig.  382, 

*\  —  *b  ~  if 

As  has  been  pointed  out,  this  is  incorrect,  because  the  same  number 
of  demagnetizing  ampere-turns  produce  less  effect  on  the  flux  with  a 
higher  saturation  in  the  magnetic  circuit  than  at  a  lower  saturation. 
The  correct  relation  is 

t\  -  tb  -  t,  .  /(«), 

where  R  is  the  apparent  reluctance  of  the  machine,  as  defined  above. 
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Dr.  Torda-Heymann  has  found  theoretically  and  confirmed  by  the 
results  of  various  tests  that  the  function  f(R)  may  be  represented,  with 
a  sufficient  accuracy,  by  the  ratio  (R  h-  Rt)2,  where  R  is  the  reluctance 
corresponding  to  the  actual  saturation  at  the  point  k  (Fig.  382),  and  R9 
is  the  lowest  limit  of  reluctance,  with  no  saturation  whatever.  Thus, 
we  have 


-*-<••(■£)'■ 


In  order  to  construct  the  curve  NV  of  actual  regulation  at  power 
factor  zero,  from  the  no-load  and  short-circuit  curves,  according  to 
Torda-Heymann 's  method,  plot  first  the  curve  NXQ  giving,  to  any 
arbitrary  scale,  apparent  reluctances  squared,  preferably  to  such  a 
scale  that  ONt  =  1,  10,  100,  etc.  Take  an  exciting  current,  such  as 
Ok,  calculate  the  value  kg  =  i$  (R  ■*-  R$)2  and  thus  locate  the  point 
g.  Complete  the  rectangle  gkaA;  the  point  A  lies  on  the  required 
voltage  regulation  curve.  The  point  g  may  also  be  located  graphically 
by  drawing  g^g  parallel  to  NtN;  this  may  be  easily  proved  from  the 
similarity  of  the  triangles  gjcg  and  NtONm 

Torda-Heymann's  method  should  be  considered  as  a  semi-empirical 
one,  because  of  the  correction  (R  -*■  Rs)2;  but  it  gives  good  results  in 
practice.  It  is  also  quite  flexible,  because  the  correction  may  be  given 
any  other  form  to  suit  a  particular  type  of  alternator. 

499.  EXPERIMENT  22-H.  —  Predetermination  of  Regulation 
of  an  Alternator  by  the  Torda-Heymann  Method.  —  The  curves 
required  are  the  no-load  saturation  and  the  short-circuit  curve  (Fig. 
381).  The  experiment  is  performed  exactly  as  in  §  497.  In  fact,  the 
same  data  may  be  used  for  working  out  the  results  of  both  experiments. 
It  is  well  to.have  an  actual  regulation  curve,  determined  experimentally, 
so  as  to  check  it  with  the  predetermined  regulation,  according  to  the 
Torda-Heymann  method. 

500.  Regulation  at  Power  Factors  other  than  Zero.  —  With  non- 
inductive  load  the  current  in  the  armature  reaches  its  maximum  in 
the  relative  positions  of  the  poles  and  the  conductors  shown  in  Fig. 
357.  The  reaction  of  the  armature  consists  in  this  case  in  a  strengthen- 
ing of  the  original  field  on  one  side  and  a  weakening  of  it  on  the  other 
side  of  each  pole.  By  following  the  armature  interference  from  point 
to  point  in  various  positions  of  the  armature  winding,  it  may  be  shown 
that  the  armature  reaction  only  distorts  the  field  instead  of  weakening 
it,  as  when  the  power  factor  is  zero  (Fig.  358).  Such  a  reaction  is  some- 
times called  the  transversal  reaction,  while  the  demagnetizing  action 
is  known  as  the  direct  reaction.     With  power  factors  between  zero  and 
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100  per  cent  both  kinds  of  armature  reaction  are  present  simultaneously. 
This  circumstance  makes  the  theoretical  evaluation  of  the  armature 

reaction,  and  the 
predetermination 
of  voltage  drop, 
rather  intricate; 
the  problem  can- 
not be  considered 
at  present  as 
solved,  at  least 
for  practical  uses. 
The  methods 
described  below 
are  but  a  rough 
approximation  to 
the  actual  condi- 
tions, but  are 
used  for  the  lack 
of  a  more  ac- 
curate method. 

501.  Kapp's 
Diagram.  — 
Kapp's  method 
for  predetermin- 
ing regulation 
of  alternators, 
at  power  factors 
other  than  zero, 
is  shown  in  Fig. 
383.  The  curves 
0A0  and  JVAare 
the  same  as  in 
Fig.  380,  and  are 
supposed  to  be 
determined  from 
experimental 
data.  Referring 
to  the  vector 
diagram,  Fig.  360, 
the  inductive 
drop  ix  is  in  phase  with  the  terminal  voltage  E,  when  the  power  fac- 
tor of  the  load  is  zero.     Moreover,  neglecting  the  ohmic  drop  ir,  the 
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induced  e.m.f.  E0,  and  the  terminal  voltage  E,  are  in  this  case  in  phase 
with  each  other,  and  the  inductive  drop  is  an  algebraical  difference  of 
the  two.  At  other  values  of  power  factor  it  is  a  geometrical  difference 
of  the  two.  In  Fig.  383,  gA0  is  the  induced  voltage,  gA  is  the  ter- 
minal voltage,  and  AA0  is  the  total  drop  at  power  factor  zero,  due  to 
both  armature  inductance  and  armature  reaction. 

At  any  other  value  of  power  factor,  these  three  vectors  form  a  tri- 
angle, such  as  kta",  the  angles  depending  upon  the  power  factor  of  the 
load.  The  side  to,"  =  gA0  represents  the  no-load  voltage;  the  side 
tk  «  AA0\s  the  drop  in  the  armature.  Their  difference  ka"  represents 
the  terminal  voltage  of  the  machine  at  this  particular  power  factor, 
and  at  the  same  current,  to  which  the  curve  NA  refers.  Projecting 
a"  on  the  ordinate  gAo,  the  point  A"  is  obtained  on  the  regulation 
curve  for  this  power  factor.  At  a  power  factor  of  100  per  cent,  the 
triangle  assumes  the  aspect  jka';  at  a  power  factor  zero  it  is  reduced  to 
a  straight  line  hka,  similar  to  gAA0.  If  complete  regulation  curves 
are  desired,  the  same  construction  must  be  repeated  for  other  ordinates 
of  the  saturation  curves  0A0  and  NA. 

In  order  to  read  the  power  factor  directly,  it  is  convenient  to  draw 
the  power  factor  quadrant  hltlfl  with  a  radius  such  that  it  may  be 
conveniently  divided  into  100  parts.  The  power  factor  is  then  read 
in  per  cent  on  the  radius  kf.  This  is  evident  when  we  remember  that 
km  is  proportional  to  the  cosine  of  the  angle  <f>,  and  this  cosine,  by 
definition,  is  the  power  factor  of  the  load. 

An  objection  to  this  method  of  predetermining  regulation  of  alter- 
nators is  that  it  combines  into  one  vector  Aq  A  all  the  factors  of  the 
armature  interference,  which  factors  in  reality  follow  different  laws. 
A  more  accurate  method  is  that  by  Potier  described  in  the  following 
article. 

502.  Potier's  Diagram.  —  The  method  is  similar  to  that  shown  in 
Fig.  383,  except  that  the  armature  reaction  is  separated  from  the 
armature  inductance  before  the  diagram  is  constructed.  Referring 
to  Fig.  380,  let  ntfi  represent  the  demagnetizing  ampere-turns  on  the 
armature;  when  the  exciting  current  is  =  Og,  the  actual  excitation 
corresponds  to  01,  the  rest,  Ig,  being  destroyed  by  the  armature  reaction. 
To  the  excitation  01  corresponds  the  induced  voltage  ln0,  or  ng.  From 
this  voltage  the  inductive  drop  nA  must  be  subtracted,  giving  the 
terminal  voltage  gA.  Thus,  the  total  action  of  the  armature  inter- 
ference is  represented  by  the  triangle  nonA,  non  representing  the  action 
of  the  armature  reaction,  nA  that  of  the  armature  inductance.  This 
triangle  shows  also  the  errors  inherent  to  the  pessimistic  and  the  optim- 
istic methods  (§  496).       In  the  optimistic  method,  the  horizontal  line 
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ao  A  t  is  taken  instead  of  the  hypothenuse  no  A ;  in  the  pessimistic  method 
A$A2  is  taken  instead  of  the  same  hypothenuse  no  A. 

If  n0A  were  known  in  its  magnitude  and  direction,  the  regulation 
curve  NV  could  be  easily  plotted  from  the  no-load  curve  OV0  by 
drawing  parallel  lines,  such  as  no  A,  pr,  etc.  On  the  other  hand,  when 
OV0  and  NV  are  given,  the  vector  no  A  may  be  determined  by  trials. 
Potier  makes  a  tracing  of  the  curve  NV  and  moves  this  parallel  tr 
itself  until  it  coincides  as  closely  as  possible  with  the  curve  0  V0.  The 
direction  of  the  movement  determines  the  position  and  the  magnitude 
of  n0A.  Having  found  noA,  the  demagnetizing  ampere-turns  non  and 
the  inductive  drop  nA  are  easily  found. 

Now  Potier  assumes,  that  the  demagnetizing  ampere-turns  n0n  are 
the  same  with  all  values  of  power  factor,  but  are  subtracted  geometri- 
cally, instead  of  arithmetically,  from  the  field  excitation  Og.  This 
gives  again  a  diagram  similar  to  that  shown  on  the  right  side  of  Fig. 
383,  except  that  exciting  amperes  are  used  instead  of  corresponding 
voltages.  The  radius  kt  =  n0n;  ta"  =  Og.  The  result,  ka",  gives  the 
effective  ampere-turns  at  the  power  factor  corresponding  to  the  angle 
0.  Plotting  Oj  =  ka"t  we  find  the  voltage  jD0  actually  induced  in 
the  armature.  From  this  voltage,  the  inductive  drop  nA  must  be 
subtracted  geometrically,  as  in  Fig.  360,  in  order  to  obtain  the  terminal 
voltage  at  this  load.  If  greater  accuracy  is  required,  the  ohmic  drop 
ir  shown  there  may  also  be  taken  into  account. 

The  angle  <j>}  used  in  the  construction  of  the  triangle  tka",  is  not  quite 
correct,  since  it  must  be  the  phase  displacement  between  the  indued 
voltage  and  the  current,  and  not  that  between  the  terminal  voltage 
and  the  current.  Having  constructed  the  diagram  shown  in  Fig.  360.  | 
the  angle  AOD  may  be  used  for  constructing  the  triangle  tka"  in  a 
second  approximation,  new  value  of  ka"  found,  etc. 

The  Potier  method  is  not  quite  correct,  because  the  armature  reaction  I 
varies  in  reality,  according  to  a  much  more  complex  law  than  is  assumed 
there. 

503.  Literature  References.  —  Those  especially  interested  in  the 
difficult  question  of  regulation  of  alternators  will  find  further  infor- 
mation in  the  following  publications: 

Guilbert,  A  series  of  articles  on  the  subject  in  the  Electrical  World, 
1902-1903. 

Torda-Heymann,  Electrician  (London),  1904,  Vol.  53,  p.  6. 

Hobart  and  Punga,  Trans,  of  the  A.LE.EX  1904,  p.  291. 

Blondel,  Trans.  InternaVl  Elec.  Cong.,  1904,  Vol.  1,  pp.  620  and 
635. 

Rushmore,  ibid.,  p.  744. 
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Henderson  and  Nicholson,  Journal  of  the  Inst,  of  Elec.  Engs. 
(British),  1905,  p.  465. 

Rushmore's  article  has  quite  a  complete  bibliography  on  regulation 
of  alternators,  up  to  1904.  A  compromise  between  an  experimental 
determination  and  a  predetermination  of  the  regulation  curve  at  power 
factor  zero,  is  made  possible  by  the  methods  of  Blondel  and  Fischer- 
Hinnen,  in  which  but  one  point  of  the  curve  NA  needs  to  be  deter- 
mined experimentally  (Hay,  Alternating  Currents,  p.  160). 


CHAPTER  XXIII. 

ROTARY    CONVERTERS. 

504.  In  certain  cases  of  engineering  practice  it  is  necessary  to  trans- 
form direct  current  into  alternating  current,  or  vice  versa.  The  most 
important  case  of  this  kind  is  in  connection  with  electric  railways, 
where  high-tension  alternating  currents  delivered  from  the  power  house 
must  be  converted  into  500  volts  direct  current,  in  so-called  substa- 
tions, supplying  the  trolley  lines  with  current. 

One  of  the  possible  solutions  for  converting  alternating  into  direct 
current  is  to  use  a  motor-generator  set.  An  induction  or  synchronous 
motor  is  direct-connected  to  and  drives  a  direct-current  generator;  the 


D.C.  Side 


Fio.  384.     A  coin  pound-wound  three-phase  rotary  converter.. 


energy  supplied  to  the  motor  in  the  form  of  two-  or  three-phase  currents 
is  in  this  way  transformed  into  direct  current. 

Another  solution  is  to  use  the  so-called  rotary  converter,  which  is  a 
combination  in  one  machine  of  a  synchronous  alternating-current 
motor  and  a  direct-current  generator. 

505.  General  Description  of  the  Rotary  Converter.  —  A  rotary 
converter  is  shown  schematically  in  Fig.  384.  In  its  construction  it 
resembles  a  direct-current  machine  (Fig.  264),  only,  in  addition  to  a 
commutator  and  brushes  for  direct  current,  it  has  two  or  more  slip 
rings,  connected  to  the  same  armature  winding  as  the  commutator. 
Fig.  385  shows  diagrammatically  the  armature  winding,  the  commuta- 
tor, and  the  slip  rings  of  a  two-pole,  single-phase  rotary  converter. 

532 
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Fig.  885.    Armature  connections  in  a  single-phase 
rotary  converter. 


Fig.  386  shows  a  similar  machine,  provided  with  three  slip-rings  for 
converting  three-phase  currents  into  direct  currents,  or  vice  versa. 

The  action  of  a  rotary  converter  can  be  understood  from  these  two 
figures.  When  a  machine  such  as  is  there  shown,  is  driven  mechani- 
cally, as  a  generator,  it 
delivers  direct  current 
through  the  commutator 
And  the  brushes  K,  L,  at 
the  same  time  delivering 
an  alternating  current 
through  the  collector 
rings  A,  B,  or  A,  B,  C. 
When  so  doing,  it  is  called 
a  double-current  machine. 
The  direct  and  the 
alternating  currents  are 
superimposed  in  the 
armature,  but  are  used 
in  separate  external  cir- 
cuits. Now,  both  direct- 
and  alternating-current  generators  are  invertible  in  their  action.  A 
direct-current  generator  may  be  converted  into  a  direct-current 
motor,  and  an  alternator  into  a  synchronous  motor.     So,  when  direct 

current  is  sent  from  out- 
side through  the  termi- 
nals L  and  K  of  the 
machine,  it  runs  as  a 
direct-current  motor:  at 
the  same  time  it  can 
continue  to  supply  alter- 
nating current  from  its 
collector  rings.  In  this 
case  it  acts  as  a  rotary 
converter,  receiving  di- 
rect current  and  deliver- 
ing  alternating  current. 
The  more  power  is  taken 
from  the  alternating- 
current  side,  the  larger 
becomes  the  direct-current  input;  the  latter  being  always  equal  to 
the  output  plus  the  losses  in  the  machine  itself.  Instead  of  driving 
the  rotary  as  a  direct-current  motor,  it  can  be  driven  from  the  alter- 
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Armature  connections  in  a  three-phase 
rotary  converter. 
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nating-current  side,  as  a  synchronous  motor;  then  direct-current 
power  is  available,  as  an  output,  at  the  commutator  side  of  the 
machine.  This  is  the  way  in  which  rotary  converters  are  used  in 
railway  work.  The  above-described  rotary  converters  are  two-pole, 
ring-wound  machines.  Commercial  rotaries  are  multipolar,  poly- 
phase, drum-wound  machines,  and  represent  a  development  of  the 
above  simplest  type. 

Rotary  converters  are  provided  with  two,  three,  four  or  six  slip-rings, 
according  to  the  number  of  phases  of  the  alternating-current  supply. 
Single-phase  converters  are  seldom  used;  three-phase  machines  are 
provided  with  three  slip-rings,  two-phase  rotaries  have  four  slip-rings. 
Very  large  rotary  converters  are  sometimes  supplied  with  six  slip-rings, 
and  the  three-phase  supply  is  converted  into  a  six-phase  system  by 
means  of  special  transformers  (see  §  447). 


Fig.  387.    Starting  a  rotary  converter  at  a  reduced  voltage. 

It  can  be  proved  theoretically  that,  with  the  same  output,  the  PR 
loss  in  the  armature  decreases  with  an  increasing  number  of  slip  rings; 
the  reason  being  that  the  alternating-currents  are  more  uniformly 
distributed  in  the  armature  winding.  Thus,  a  six-phase  rotary  con- 
verter has  a  higher  efficiency  than  a  four  slip-ring  (two-phase)  rotary 
converter;  the  three-phase  rotary  converter  has  a  slightly  lower  effi- 
ciency than  the  two-phase  rotary  converter.  All  polyphase  rotaries 
are  considerably  superior  to  the  single-phase  rotary,  in  that  they  give 
a  larger  output  with  the  same  size  machine,  and  can  stand  a  higher 
overload  without  falling  out  of  step.  This  is  due  to  the  revolving  field 
produced  in  the  armature  by  polyphase  currents. 

506.  Starting  Rotary  Converters.  —  Rotary  converters,  used  for 
converting  direct  current  into  alternating,  are  started  as  ordinary  shunt 
motors,  and  are  brought  up  to  the  speed  corresponding  to  the  desired 
frequency  of  alternating  current.  If  the  rotary  is  intended  to  be  run 
.  from  the  alternating-current  side,  as  is  the  case  in  railway  substa- 
tions, it  must  first  be  brought  up  to  the  required  speed  and  synchronized 
(§  462),  as  any  alternator  or  synchronous  motor.  Three  methods  are 
used  for  starting  and  synchronizing  rotary  converters: 


Chap.  23]  ROTARY  CONVERTERS  535 

(1)  The  rotary  is  started  from  the  direct-current  side,  as  a  shunt 
motor,  and  synchronized  by  regulating  the  field  and  the  starting 
resistance. 

(2)  A  small  induction  (or  direct-current)  motor  is  provided  on  the 
shaft  of  the  rotary  converter;  this  motor,  being  used  for  bringing  the 
machine  to  the  required  speed. 

(3)  The  rotary  itself  is  converted  into  an  induction  motor  during 
the  period  of  starting,  by  opening  its  field  circuit  and  switching  the 
alternating  current  on  the  armature.  A  revolving  field  is  thereby 
produced  in  the  armature;  this  field  induces  eddy  currents  in  the  pole- 
pieces,  which  act  as  the  squirrel-cage  secondary  of  the  induction  motor. 
The  machine  starts,  and  when  synchronism  is  reached,  the  direct-current 
excitation  is  switched  on;  the  rotary  continues  to  run  as  a  synchronous 
motor.  It  is  not  advisable  to  start  rotaries  in  this  way  on  full  voltage 
because  of  the  inrush  of  current  which  may  damage  the  machine  itself, 
or  be  objectionable  for  the  line.  Taps  are  usually  provided  on  the 
transformers  for  starting  rotaries  at  about  one  half  of  the  rated  voltage 
(Fig.  387). 

507.  EXPERIMENT  23-A.  —Exercises  in  Starting  Rotary  Con- 
verters.—  The  purpose  of  the  exercise  is  to  make  clear  the  three 
methods  of  starting  explained  in  the  preceding  article.  Wire  up  the 
machine  on  the  direct-current  side  as  a  shunt-wound  motor  (Fig. 
284) ;  on  the  alternating-current  side  provide  synchronizing  lamps,  or  a 
synchroscope  (§§  463  and  464). 

(1)  Start  the  machine  from  the  direct-current  side  and  bring  it  up 
to  the  right  speed  by  regulating  the  field  current  and  the  starting 
rheostat,  if  necessary.  Synchronize  the  machine  as  is  done  in  the  case 
of  alternators.  When  the  machine  is  in  synchronism,  close  the  main 
switch  on  the  alternating-current  side,  and  open  the  main  switch  on 
the  direct-current  side,  taking  care  not  to  open  the  field  circuit  of  the 
machine.  The  rotary  will  continue  to  run  as  a  synchronous  motor, 
supplying  its  own  excitation,  And  may  be  loaded  electrically  on  the 
direct-current  side. 

(2)  Now  provide  a  small  induction  motor,  either  belted  or  direct- 
connected  to  the  rotary,  and  start  the  rotary  by  means  of  this  motor. 
When  synchronism  is  reached,  switch  the  rotary  on  to  the  alternating- 
current  line  and  open  the  auxiliary-motor  circuit.  In  using  this  method 
of  starting,  it  is  convenient  to  have  the  secondary  resistance  of  the 
induction  motor  adjusted  so  that  the  motor  brings  the  rotary  exactly 
to  the  required  speed.  If  this  is  not  feasible,  some  resistance  is  con- 
nected between  the  slip  rings  of  the  rotary  converter.    This  resistance 
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constitutes  a  load  which  can  be  adjusted  so  that  the  induction  motor 
will  bring  the  rotary  exactly  to  the  required  speed,  and  thus  save  time 
in  synchronizing. 

(3)  After  having  practiced  sufficiently  with  the  above  two  methods 
of  starting,  the  student  may  try  to  start  the  rotary  converter  from  the 
alternating-current  side  by  utilizing  the  eddy  currents  induced  in  the 
pole-pieces  and  dampers  (Fig.  392).  In  performing  this  experiment, 
it  must  be  borne  in  mind  that  the  rotary,  in  starting,  takes  several 
times  its  normal  current,  so  that  the  line  should  be  suitably  protected 
by  fuses,"  or  circuit-breakers.  Another  important  precaution  is  to  pro- 
tect the  field  winding  against  high  voltages  induced  in  it  by  the  revolv- 
ing flux  produced  by  the  armature.  This  is  done  by  subdividing  the 
field  winding  into  sections  by  suitable  switches.  Never  touch  the  field 
circuit  when  the  machine  is  being  started  from  the  alternating-current 
side,  as  the  induced  voltages  may  be  dangerous  to  life.  They  gradu- 
ally decrease  to  zero,  as  the  machine  approaches  synchronism.  Then 
the  direct-current  excitation  is  switched  in,  and  the  machine  continues 
to  run  as  a  synchronous  motor.  Try  starting  at  various  voltages  (Fip. 
387),  and  measure  current  inrush  and  time  which  it  takes  to  bring  the 
rotary  up  to  synchronous  speed;  also  measure  voltages  induced  in  the 
field  winding. 

Report  Give  diagrams  of  the  exact  connections  used  in  the  three 
methods  of  starting;  give  starting  currents  and  voltages;  time  which 
it  took  in  each  case  to  bring  the  rotary  to  synchronism,  and  total  time 
required  to  have  the  rotary  running  in  regular  operation.  Give  your 
opinion  as  to  which  method  of  starting  is  preferable  in  certain  cases. 

508.  Ratio  of  Voltages  on  Direct-  and  Alternating-Current 
Sides.  — There  is  a  definite  ratio  between  the  direct-  and  the  alternating- 
current  voltages  in  a  rotary  converter,  since  both  are  induced  in  the 
same  winding.  In  the  single-phase  rotary  converter  (Fig.  385)  the  maxi- 
mum instantaneous  value  of  alternating  voltage  is  equal  to  the  direct 
voltage:  This  is  because  the  induced  e.m.f.  is  the  same  between  the 
direct-current  brushes  and  the  alternating-current  brushes,  when  the 
points  x  and  y  of  the  winding  come  under  the  brushes  K  and  L.  At 
the  same  time  this  is  the  largest  alternating  voltage  that  can  be  induce! 
in  the  armature.  Therefore,  the  effective  value  of  the  alternating 
voltage  is 

1  -  \/jf  =  0.707 

times  direct -current  voltage.  For  instance,  if  it  is  desired  to  have  550 
volts  on  the  direct-current  side,  550  X  0.707  =  388  volts  must  be 
applied  between  the  collector  rings  A  and  B. 
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Fig.  888.  Disposition  of 
taps  to  six  slip-rings,  for 
producing  either  single- 
phase,  two-phase,  or 
three-phase  currents. 


The  same  ratio  0.707  holds  true  for  the  two-phase  rotary  converter, 
provided  the  voltage  is  measured  between  the  slip-rings  a  and  br  or  c 
and  d,  belonging  to  the  same  phase  (Fig.  388).  Otherwise  the  ratio  is 
again  reduced  in  proportion  to  1  -5-  V2  (Figs.  335  and  336)  so  that, 
the  effective  voltage,  for  instance  between  a 
and  c,  or  a  and  d,  is  only  one  half  of  the 
direct-current  voltage. 

If  taps  for  the  slip  rings  are  taken  at  a 
distance  less  than  180  degrees,  such  as,  for 
instance,  a  and  e  in  Fig.  388,  the  alternating- 
current  voltage  between  these  slip-rings  is 
reduced  in  the  ratio  AC  to  AB  (Fig.  389), 
where  AB  represents  the  voltage  induced 
between  two  slip-rings  connected  to  the  arma- 
ture at  points  180  electrical  degrees  apart.  It 
may  at  first  seem,  that  the  voltage  between 
the  points  A  and  C  is  to  the  voltage  between 
the  points  A  and  B  as  the  lengths  of  the 
corresponding  arcs.  However,  a  glance  at  Fig.  385  will  show  that  the 
voltages  induced  in  separate  coils  of  the  armature  reach  their  maximum 

at  different  times,  and  must  there- 
fore be  added  geometrically.  The 
sum  of  the  infinitesimal  arcs  between 
A  and  C  is  the  chord  AC,  and  the 
same  is  true  for  the  chord  AB. 

In  a  three-phase  rotary  (Fig.  386) 
the  chord  AC  corresponds  to  120 
degrees,  so  that 

AC  =  i  AB  .  V3  -  0.866AB. 

This  means,  that  assuming  a  certain 
voltage  on   the   direct -current   side, 
the   voltage   between    the   slip-rings 
of  a  three-phase  rotary  converter  is 
only  86.6  per  cent  of  that  of  a  single- 
phase  or  two-phase  rotary  converter. 
It  has  been   shown    that   the   alter- 
nating voltage  of  a  single-phase  rotary  converter  is  equal  10  0J07  of  the 
direct-current  voltage.     Thus  we  finally  get  that  the  ratio  between  the 
A.C.  and  the  D.C.  voltages  in  a  three-phase  rotary  converter  is 

0.86Q  X  .707  =  0.612. 
It  is  desired  that  the  student  deduce,  in  a  similar  manner,  the  ratios 


Fio.  389.     Ratio  of  voltages  in  a 
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between  the  direct-current  voltage  and  the  alternating-current  voltages 
in  four-,  six-,  and  twelve-phase  rotary  converters.  These  voltages 
correspond  in  Fig.  388  to  the  chords  b-c,  b-e  and  e-c. 

509.  EXPERIMENT  23-B.  —  Ratio  of  Voltages  in  a  Rotary  Con- 
verten  —  A  rotary  converter  convenient  for  such  an  experiment, 
should  have  six  slip-rings  (Fig.  388),  tapped  at  the  points  of  the 
armature  marked  a,  b,  c,  d,  e,  /.  The  taps  are  spaced  so  that  voltages 
can  be  obtained  corresponding  to  either  1,  2,  3,  4,  6,  or  12  phases.  Run 
the  rotary  from  the  direct-current  side  and  measure  all  the  possible 
combinations  of  voltages  between  the  different  slip-rings.  Make  sev- 
eral runs  with  different  speeds,  different  values  of  field  current  and  with 
various  voltages  at  the  direct-current  brushes.  For  very  accurate 
work  the  machine  must  be  driven  mechanically  by  some  outside  source 
of  power  in  order  to  have  two  voltages  from  open  circuit.  For  all 
practical  purposes  the  converter  may  be  run  from  either  the  direct  or 
alternating-current  side,  without  materially  affecting  the  ratios  of  the 
voltages. 

Report  Give  the  ratios  of  voltages,  as  calculated  from  the  experi- 
ment, and  compare  them  to  the  theoretical  ratios  derived  above.  Show 
whether  these  ratios  vary  with  the  voltage,  speed  and  excitation  of  the 
machine,  and  give  possible  causes  for  this. 

510.  Ratios  of  Direct  and  Alternating  Currents.  —  The  ratio 
between  the  current  taken  in  on  the  direct-current  side  of  a  rotary 
converter  and  that  delivered  on  the  alternating-current  side  may  be 
easily  deduced  from  the  fact,  that  the  power  output  is  equal  to  the 
power  input,  less  the  losses  in  the  armature  itself.  This,  of  course,  refers 
only  to  the  power  component  of  the  alternating  current;  the  wattless 
component  may  have  any  value  according  to  the  properties  of  the 
load  or  the  excitation  of  the  machine  (§  470).  Suppose,  as  an  exam- 
ple, that  a  three-phase  rotary  connected  to  a  110  volt  direct-current 
supply,  is  delivering  12  kilowatts  of  non-inductive  power  on  the  alter- 
nating-current side.  The  currents  on  both  sides  of  the  rotary  can  be 
figured  out  as  follows:  The  three-phase  voltage  (disregarding  voltage 
drop)  is  equal  to  a  110  X  0.612  =  67.3  volts.  To  deliver  12  kilowatts 
at  this  voltage  a  current  of 

12000        ^o 
67  3v/3==         amPeres  per  phase 

is  required.     If  there  were  no  losses  in  the  armature,  the  direct  current 
input  would  also  be  12  kilowatts,  or 

12000       inft 
— — —  =  109  amperes. 
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To  this  current  must  be  added  a  small  current  necessary  for  supplying 
the  armature  losses.  This  latter  current  is  determined  by  running  the 
machine  at  no  load;  it  is  used  for  overcoming  iron  loss  and  friction  of 
the  machine. 

If,  in  the  above  example,  the  load  were  inductive,  the  power  supplied 
from  the  direct-current  side  would  still  be  the  same,  as  long  as  the  true 
power  remains  equal  to  12  kilowatts.  The  necessary  wattless  com- 
ponent of  the  current  is  generated  in  the  armature  itself,  without  being 
supplied  from  the  direct-current  line.   v 

When  a  rotary  converter  is  running  from  the  alternating-current 
side,  supplying  a  load  on  the  direct-current  side,  the  watts  input  is 
equal,  as  before,  to  the  watts  output. on  the  direct-current  side,  plus 
the  losses  in  the  machine  itself,  but  the  alternating  amperes  may  vary 
within  comparatively  wide  limits,  with  the  same  direct-current  output. 
This  is  due  to  the  rotary  converter  taking  in  a  leading  or  lagging  watt- 
less component  according  to  the  value  of  field  excitation.  In  this  . 
respect  it  is  similar  to  the  synchronous  motor  (§  470).  Knowing  the 
output  of  the  machine  and  the  ratio  of  the  voltages,  the  power  compo- 
nent of  the  alternating  current  may  be  calculated;  it  represents  the 
lowest  limit  of  alternating  current  possible  with  a  given  direct-current 
load.  The  rotary  converter  may  be  made  to  actually  take  in  this 
minimum  current,  at  a  certain  value  of  field  current.  By  strengthen- 
ing the  field,  the  converter  is  made  to  take  in  a  leading  component,  in 
addition  to  the  power  component;  by  weakening  the  field  a  lagging 
component  is  taken  from  the  line  (Fig.  372). 

511.  EXPERIMENT  23-C.  — Operating  a  Single-Phase  Rotary 
Converter  from  the  Direct-Current  Side.  —  Start  the  rotary  from 
the  direct-current  side,  as  a  shunt-wound  motor;  provide  inductive 
and  non-inductive  load  for  the  alternating-current  side,  as  in  the  case 
of  a  single-phase  alternator  (Fig.  359).  Keep  the  voltage  on  the 
direct-current  side  and  the  field  current  constant,  adjusting  the  latter 
so  as  to  have  the  required  speed  at  no  load.  This  speed  must  be  such 
as  to  give  the  rated  frequency  for  which  the  rotary  converter  is 
designed.  First  apply  a  non-inductive  load,  read  volts  and  amperes 
on  both  sides,  and  the  speed  of  the  machine.  Take  a  series  of  such 
readings  from  no  load  up  to  about  50  per  cent  overload.  Make 
similar  runs  at  lower  values  of  power  factor,  keeping  it  constant  for  each 
run.  Or  else,  keep  amperes  constant  during  each  run,  and  vary  the 
power  factor,  as  in  Fig.  361. 

The  student  must  be  careful  not  to  let  the  machine  run  away  while 
loading  it  on  reactances.    Wattless  currents,  flowing  in  the  armature, 
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weaken  the  original  field ;  this  has  the  familiar  effect  of  increasing  the 
speed  of  the  direct-current  motor.  Some  rotaries  are  provided  with 
a  centrifugal  speed-limiting  device  which  opens  the  direct-current  cir- 
cuit, as  soon  as  the  speed  exceeds  a  certain  predetermined  limit.  It  is 
well  to  repeat  the  same  experiment  with  several  values  of  field  current 
and  of  the  voltage  at  the  direct-current  terminals. 

In  the  above  test,  both  the  frequency  and  the  alternating  voltage 
are  variable.  In  practice,  either  one  of  them  or  both  are  required  to 
be  kept  constant.  This  can  be  done  within  certain  limits  by  regulating 
the  field  current  and  the  direct-current  voltage.  Take  a  few  readings 
of  this  kind,  in  order  to  determine  the  limits  within  which  field  current 
and  direct-current  voltage  must  be  varied  in  order  to  keep  either  the 
alternating  voltage,  or  the  frequency,  or  both,  constant. 

Report.  Plot  to  amperes  input  into  the  armature:  direct  and  alter- 
nating voltages,  amperes  output,  speed,  and  efficiency.  If  possible, 
plot  on  the  same  curve  sheet  the  values  of  the  power  factor,  in  order 
to  show  its  influence  on  the  speed  of  the  machine. 

512.  EXPERIMENT  23-D.  —  Operating  Two-Phase  or  Three- 
Phase    Rotary  Converters  from  the  Direct-Current   Side.  — The 

experiment  is  performed  in  exactly  the  same  way  as  the  preceding 
experiment,  except  that  the  load  is  two-phase  or  three-phase,  instead 
of  single-phase.  If  performed  on  the  same  machine  (Fig.  388),  it  will 
show  to  what  extent  the  rotary  is  more  efficient  when  the  load  is  taken 
from  three  or  four  slip-rings,  than  when  loaded  single-phase. 

513.  EXPERIMENT  23-E.  —  Operating  a  Single-Phase  Rotary 
Converter  from  the  Alternating-Current  Side.  —  Connect  up  and 
synchronize  the  rotary,  as  explained  in  5  507;  provide  a  load  on  the 
direct-current  side,  and  have  an  ammeter  in  the  field  circuit.  Adjust 
the  field  current  so  as  to  have  a  power  factor  of  100  per  cent,  with 
full-load  current  on  the  direct-current  side.  Vary  the  load,  if  possible, 
from  zero  to  50  per  cent  overload,  without  adjusting  the  field  rheostat, 
thus  allowing  the  field  current  to  follow  the  variations  of  the  direct 
voltage.  This  corresponds  to  the  practical  case  of  a  fluctuating  load, 
when  the  attendant  does  not  adjust  the  voltage.  Read  amperes,  volts 
and  watts;  also  note  the  field  current. 

Repeat  the  same  run  with  such  an  initial  value  of  the  field  current 
as  to  give  about  ninety  per  cent  lagging  power  factor  at  full  load. 
Make  a  third  run  with  90  per  cent  leading  power  factor,  under  the 
same  conditions  of  load. 

After  this,  make  one  or  more  runs  with  the  field  current  constant: 
this  is  done  by  adjusting  the  field  rheostat,  before  each  reading,    tf 
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feasible,  test  the  overload  capacity  of  the  rotary,  by  raising  the  load 
until  the  machine  falls  out  of  step.  Be  sure  that  the  machine  is  not 
damaged  by  the  overload,  and  that  it  is  protected  by  a  suitable  circuit- 
breaker  on  the  alternating-current  side.  Requirements  for  the  report 
are  similar  to  those  in  §  511. 

514.  EXPERIMENT  23-F.  —  Operating  a  Two-Phase  or  a 
Three-Phase    Rotary    Converter    from    the    Alternating-Current 

Side.  —  The  experiment  is  similar  to  the  preceding  one,  and  is  intended 
to  bring  out  the  difference  in  the  operation  of  a  polyphase  converter 
as  compared  to  that  of  a  single-phase  machine.  Note  higher  efficiency, 
better  regulation,  and  larger  overload  capacity  of  the  machine  when 
operated  two-phase  or  three-phase. 
Report.   See  §  511. 

515.  Compounding  Rotary  Converters.  —  In  many  cases  it  is 
desirable  to  have  rotary  converters  compounded,  or  provided  with  an 
additional  series  winding  (Fig.  384),  for  the  same  reason  that  direct- 


um 


Figs.  390  and  301.    Diagrams  showing  that  presence  of  inductance  raises  voltage 
with  a  leading  current,  and  lowers  voltage  with  a  lagging  current. 

current  generators  are  compounded,  viz.,  in  order  to  have  a  constant 
voltage  at  variable  load:  It  is  sometimes  advantageous  to  have  the 
rotary  even  over-compounded,  so  as  to  compensate  for  voltage  drop  in 
long  feeders  (5  306).  It  may  at  first  seem,  that  a  series  winding  alone, 
shown  in  Fig.  384,  should  be  sufficient  to  produce  the  desired  effect. 
But  it  must  be  remembered  that,  in  a  rotary  converter,  the  ratio  of 
alternating-  to  direct-current  voltage  is  nearly  constant,  since  they  are 
induced  in  the  same  winding  by  the  same  magnetic  field:  Therefore, 
the  only  effect  of  a  series  winding  would  be  to  produce  leading  wattless 
currents  which  would  weaken  the  field  to  nearly  its  original  value.  In 
order  to  increase  the  voltage  on  the  direct-current  side,  the  alternating  voltage 
must  be  raised  accordingly. 

This  is  accomplished  in  practice  by  producing  electric  resonance 
(§  134).  An  over-excited  rotary  converter  takes  in  leading  currents 
similarly  to  a  synchronous  motor  (§§  470-471).     An  inductance  L  is 
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connected  in  series  with  the  line  (Fig.  384),  and  these  leading  current > 
flowing  through  it  raise  the  voltage  at  the  slip  rings  above  that  of  the 
line.     This  is  a  case  of  the  voltage  resonance  shown  in  Fig.  143. 

The  same  relations  are  shown  in  Fig.  390:  OA  is  the  vector  of  tie 
line  voltage;  01  is  the  line  current  which  is  supposed  to  be  leading,  the 
machine  being  over-excited.  The  vector  of  the  voltage  drop,  A B,  in 
the  inductance  coil,  is  perpendicular  to  01.  •  It  will  be  seen  from  th* 
diagram  that  the  resultant  voltage  OB  at  the  collector  rings  is  higher 
than  the  line  voltage  OA.  When  the  current  is  lagging,  as  in  Fip 
391,  OB  is  less  than  OA,  so  that  in  this  case  the  inductance  L  makea 
the  conditions  still  more  unfavorable.  Thus,  it  must  be  remembered, 
that  an  inductance  in  series  with  the  line  helps  to  raise  the  voltage,  pro- 
vided the  rotary  is  compounded,  or  over-excited,  so  that  a  leading  curre?*: 
is  produced. 

The  arrangement  operates  automatically,  and  by  properly  selecting 
the  inductance  coils  and  the  number  of  turns  of  the  compounding 
winding,  it  is  possible  not  only  to  keep  the  voltage  on  the  direct-current 
side  constant,  within  wide  variations  of  the  load,  but  even  to  have  the 
machine  over-compounded  to  compensate  for  the  drop  in  long  feeders 

516.  EXPERIMENT  23-Q.  —  Exercises  in  Compounding 
Rotary  Converters.  —  Connect  the  rotary  for  running  from  the  alter- 
nating-current side,  and  provide  suitable  inductance  coils,  as  shown 
in  Fig.  384.  Apply  a  moderate  load  to  the  direct-current  side,  and 
vary  the  shunt-field  current  throughout  wide  limits  so  as  to  observe 
the  combined  action  of  leading  currents  and  of  the  inductance  in  the 
line.  The  series  field  is  not  connected  in  during  this  test.  Now, 
from  the  increase  in  the  shunt  current,  necessary  for  keeping  the  volt- 
age constant,  figure  out  the  required  number  of  turns  in  the  serie? 
winding,  in  order  to  produce  the  same  effect  automatically.  If  the 
number  of  turns  of  the  shunt  winding  is  not  known,  it  can  be  deter- 
mined as  is  explained  at  the  end  of  §  307.  Put  the  calculated  number  of 
series  turns  on  the  machine  and  verify  the  predetermined  performance. 
Then  increase  the  number  of  series  turns  so  as  to  get  a  certain  specified 
amount  of  over-compounding,  and  if  the  machine  is  over-compounded 
too  much,  put  a  shunt  across  the  series  winding,  as  is  done  in  case  of 
compound-wound  generators  (Figs.  271  and  272). 

Change  the  inductance  in  the  line,  and  repeat  the  same  experiment 
in  order  to  see  the  influence  of  the  inductance  on  the  number  of  series 
turns  required  for  compounding.  Take  a  complete  curve  of  voltage 
regulation  for  at  least  one  combination  of  inductance  and  series 
windings. 
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Report.  Show  by  a  diagram  the  connections  used  during  the  experi- 
ment; plot  curves  showing  the  variations  of  the  current  and  watts 
input,  power  factor,  and  voltages  with  varying  shunt-field  current, 
with  a  constant  direct-current  load.  Give  the  results  of  calculating 
the  necessary  number  of  series  turns,  and  show  in  how  far  the  actual 
performance  checks  with  the  calculations.  Give  results  showing  the 
influence  of  the  change  in  inductance  on  the  voltage  characteristics  of 
the  machine. 

517.  Alternating-Current  Voltage  Regulators.  —  The  above- 
described  method  of  keeping  the  voltage  on  the  direct-current  side  of 
a  rotary  converter  constant,  by  a  combination  of  inductance  in  the 
line  and  series  winding  on  the  machine,  while  automatic  in  its  action, 
has  certain  limitations.  Therefore,  in  some  cases,  voltage  regulators, 
independent  of  the  rotary,  are  used  on  the  alternating-current  side. 

(a)  The  simplest  method  is  shown  in  Fig.  387:  the  secondary  wind- 
ing of  the  transformers  supplying  the  rotary  are  provided  with  taps 
taken  to  a  dial  switch  on  the  switchboard.  By  operating  this  switch, 
the  voltage  between  the  slip  rings  can  be  varied  within  certain  limits, 
so  as  to  keep  the  direct-current  voltage  constant.  In  some  cases  the 
dial  switch  is  operated  automatically  by  a  small  motor,  which  is  started 
and  stopped  by  a  relay,  sensitive  to  the  variations  of  the  voltage. 
Such  regulators  have  two  disadvantages:  The  regulation  is  not  con- 
tinuous, but  in  steps,  and  the  main  circuit  is  broken  for  an  instant 
while  changing  from  one  step  to  another.  These  disadvantages  are 
eliminated  in  so-called  induction  regulators. 

(6)  Induction  regulators  are  transformers  having  a  fixed  secondary 
winding,  and  a  primary  winding  which  can  be  moved  within  certain 
limits  so  as  to  vary  the  inductive  action  between  the  two  windings. 
The  secondary  winding  is  connected  in  series  with  the  line,  the  primary 
is  connected  across  the  line.  In  this  way  the  line  voltage  can  be 
"  boosted  "  within  certain  limits  in  accordance  with  the  variation  of 
the  load.  Induction  regulators  may  also  be  operated  either  manually 
or  by  a  small  auxiliary  motor. 

(c)  Still  another  method  to  keep  the  direct-current  voltage  of  the 
rotary  converter  constant,  is  to  provide  a  separate  booster  set,  the 
armature  of  the  booster  being  in  series  with  the  direct-current  line. 
The  voltage  is  regulated*  at  will  by  varying  the  field  excitation  of  the 
booster. 

518.  Hunting  and  its  Prevention.  —  A  trouble,  called  "hunting," 
is  sometimes  experienced  in  operating  rotary  converters:  The  pointers 
of  the  ammeters  on  the  alternating-current  side  begin  to  swing  without 
any  corresponding  changes  in  the  load,  and  the  machine  begins  to  give 
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a  humming  noise,  indicating  that  its  speed  varies  periodically.  This 
"  pumping  "  grows  worse  and  worse  until  the  converter  falls  out  of  step, 
and  the  circuit-breakers  on  the  alternating-current  side  open  the  circuit. 
This  trouble  is  supposed  to  be  due  to  the  natural  period  of  swing 
of  the  rotary  converter  armature:  anything  unsteady  in  the  circuit 
creates  favorable  conditions  and  intensifies  these  swings.  Non-uni- 
formity of  rotation  of  the  steam-engines,  or  a  faulty  governor  may  act 
as  such  factors,  causing  periodical  inrushes  of  current  into  the  armature 
of  the  rotary  converter.  If  the  impulses  happen  to  occur  at  intervals 
sufficiently  close  to  the  period  or  to  a  multiple  of  the  period  of  natural 
swing  of  the  armature,  the  inrushes  are  intensified,  causing  still  greater 
non-uniformity,  etc. 


Fio.  392.    Copper  dampers  on  the  poles  of  a  rotary  converter,  to  prevent  hunting. 

This  phenomenon  is  much  more  noticeable  with  60-cycle  rotary  con- 
verters, than  with  25-cycle  machines,  because  the  former  have  more 
poles  for  the  same  speed;  the  angular  distance  between  the  consecutive 
poles  is  smaller,  hence,  the  same  angular  deviation  of  the  armature 
from  its  true  position  means  a  greater  electrical  deviation.  For  this 
reason  some  engineers  object  to  using  60-cycle  rotary  converters,  and 
prefer  to  use  motor-generator  sets,  in  which  the  synchronous  motor 
and  the  direct-current  generator  may  be  given  different  numbers  of 
poles.  Sometimes  induction  motors  are  used  in  place  of  synchronous 
motors,  and  in  this  way  all  "hunting  "  troubles  are  eliminated. 

The  best  remedy  known  against  hunting  is  to  provide  the  pole-pieces 
with  so-called  "dampers"    (Figs.  392  and  374).     These  are  solid  pieces 
of  copper  mounted  on  the  pole-pieces,  as  close  as  possible  to  the  arma- 
ture.    Polyphase  currents  in  the  armature  produce  a  revolving  flux 
which  travels  synchronously  in  the  direction  opposite  to  the  rotation 
of  the  armature,  and  thus  is  stationary  in  space,  merely  strengthening 
or  weakening  the  field  produced  by  the  poles.     When,  however,  the 
armature  is  "pumping,"  the  armature  flux  is  no  longer  stationary  iu 
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space,  but  follows  the  oscillations  of  the  armature.  This  swinging  of 
the  flux  induces  currents  in  the  dampers:  a  heavy  electromagnetic 
torque  is  produced,  tending  to  keep  the  armature  at  the  right  speed. 
In  some  respects,  the  action  of  the  dampers  is  analogous  to  that  of  the 
squirrel-cage  secondary  of  induction  motor. 

Another  remedy  which  may  be  used  in  the  case  of  an  emergency  is 
connecting  inductance  coils  in  the  alternating-current  circuit,  whether 
there  is  a  series  winding  or  not  (Fig.  384).  Such  inductance  coils 
limit  the  inrush  of  current  during  oscillations  and  prevent  them  from 
attaining  dangerous  proportions.  This  remedy  should  not  ordinarily  be 
applied,  since  it  means  a  considerable  voltage  drop  and  a  poor  regulation. 

Still  another  remedy  is  to  provide  the  rotary  with  a  heavy  fly-wheel, 
its  inertia  limiting  possible  oscillations  of  the  revolving  part.  This  is 
also  a  makeshift,  but  may  be  useful  in  the  case  of  an  emergency, 
especially  with  small  rotaries. 

519.  EXPERIMENT  23-H.  —Comparative  Study  of  Remedies 
against  Hunting.  —  This  experiment  can  be  performed  only  when  con- 
ditions can  be  created  in  the  laboratory,  such  as  to  produce  appreciable 
hunting;  for  instance,  by  supplying  the  rotary  with  current  from  an  alter- 
nator driven  by  a  steam-engine  having  a  high  degree  of  non-uniformity 
of  rotation.  Synchronize  the  rotary  and  try  to  run  it  from  the  alter- 
nating-current side,  first  without  any  auxiliary  appliances  mentioned 
above.  Then  gradually  introduce  more  and  more  self-induction  into 
the  line  and  observe  the  improvement  in  operation  of  the  rotary.  See 
what  happens  when  more  inductance  is  put  in  than  is  necessary.  Take 
readings  at  no  load,  at  a  partial  load,  and  at  full  load.  There  are  two 
ways  of  expressing  the  "degree  "  of  hunting  or  pumping.  One  is  by 
per  cent  variation  of  angular  velocity  of  the  armature;  the  other,  by 
.per  cent  current  fluctuations  as  shown  on  the  ammeters.  The  non- 
uniformity  of  rotation  may  be  observed  on  a  sensitive  tachometer,  such 
as  a  magneto-generator  connected  to  a  milli-voltmeter.  A  chrono- 
graph may  also  be  used,  in  the  same  way  as  for  determining  the  degree 
of  non-uniformity  of  rotation  of  steam-  and  gas-engines. 

Disconnect  the  inductance  coils,  and  have  a  fly-wheel  direct-con- 
nected or  belted  to  the  rotary.  See  if  this  remedy  is  as  efficient  as  the 
inductance  coils,  and  note  the  performance  of  the  rotary  with  and 
without  the  fly-wheel. 

Finally  provide  the  rotary  with  suitable  dampers  and  investigate 
their  influence  at  various  loads. 

Report  the  observed  performance  of  the  rotary,  and  your  conclusions 
in  regard  to  hunting  and  its  prevention. 


CHAPTER  XXIV. 

INDUCTION   MOTORS  — OPERATING  FEATURES. 

520.  The  induction  motor  is  the  most  popular  type  of  alternating- 
current  motors,  and  finds  a  wide  field  of  application.  Its  action  is 
based  on  the  principle  of  the  revolving  magnetic  field,  produced  by 
alternating  currents  displaced  in  phase  relative  to  each  other  (polypha* 
currents,  Chapter  XX).  At  least  two  currents  of  different  phase  are 
necessary  in  order  to  produce  a  revolving  field;  but  for  the  economy 
and  convenience  of  transmission  of  electric  power  (see  §§  443  and  444). 
it  is  preferable  to  have  three  alternating  currents  displaced  in  phase  by 


Fig.  893.    The  progression  of  a  magnetic  field  produced  by  two-phase  currents. 

120  degrees  (Figs.  327  and  328).    Accordingly,  induction  motors  are 
wound  for  two-  or  three-phase  circuits. 

Fig.  393  shows  a  moving  magnetic  field,  produced  by  two  alternating 
currents,  displaced  in  phase.  The  currents  in  the  two  coils  are  displaced 
in  phase  by  90  degrees  (Fig.  327),  so  that  the  current  in  one  phase 
reaches  its  maximum  when  the  current  in  the  other  phase  passes  through 
its  zero  value,  and  vice  versa.  The  coils  themselves  are  also  displaced 
geometrically  with  respect  to  each  other.  When  the  current  is  at  its 
maximum  in  phase  1,  phase  2  is  inoperative,  and  the  magnetic  field 
has  the  position  denoted  by  A.     One  quarter  period  later,  the  current 
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in  phase  2  reaches  its  maximum,  and  the  field  occupies  the  position 
denoted  by  C.  At  an  intermediate  moment,  when  currents  are  flow- 
ing in  both  windings,  the  field  occupies  an  intermediate  position, 
denoted  by  B.  It  will  thus  be  seen  that  during  one  half  of  an  alter- 
nation of  the  supply  currents,  the  magnetic  field  is  shifted  from  the 
position  A  to  the  position  C.  During  the  next  half  alternation  the 
field  moves  farther  to  the  right  by 
the  same  amount,  etc. 

This  simple  scheme  explains  how 
it  is  possible  to  produce  a  moving 
magnetic  field  with  stationary 
windings,  provided  that  the  cur- 
rents flowing  through  these  wind- 
ings are  displaced  in  phase,  and  the 
windings  themselves  are  displaced 
geometrically  with  respect  to  one 
another.  For  a  detailed  study  of 
revolving  magnetic  field,  see  §  558 
and  succeeding  sections. 

521.  Stator  and  Rotor. — 
Fig.  394  represents  the  magnetic 
field  of  a  six-pole  induction  motor,  at  a  certain  moment  of  time. 
This  field,  produced  by  the  windings  placed  on  the  stationary  part 
of  the  motor,  or  the  stator,  travels  along  the  air-gap  at  a  speed  which 
depends  upon  the  frequency  of  the  supply  currents. 


Fig.  394.    The  field  in  the  air-gap  of  a 
six-pole  induction  motor. 
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Fio.  395.    Reaction  between  a  magnetic  field  and  a  closed  conductor. 

The  revolving  part,  or  the  rotor,  consists  of  an  iron  core,  and  a  winding 
short-circuited  upon  itself.  The  revolving  magnetic  flux  induces 
secondary  currents  in  this  winding,  and,  by  its  magnetic  action  upon 
the  flux  produced  by  these  currents,  exerts  a  torque  which  makes  the 
rotor  follow  the  revolving  flux.  This  is  but  a  modification  of  the 
famous  Arago  experiment  in  which  a  copper  disk  was  made  to  follow 
a  revolving  permanent  magnet. 
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The  action  of  the  revolving  magnetic  flux  on  the  rotor  may  also  he 
explained  with  reference  to  Fig.  395.  Assuming  the  copper  ring  to  be 
stationary  and  the  magnetic  field  to  be  moving  in  the  direction  6, 

currents  will  be  induced 
in  the  ring,  in  such  a 
direction  as  to  exert  an 
attraction  upon  the  fiel<I. 
The  copper  ring  will  have 
a  tendency  to  follow  the 
field,  overcoming  a  me- 
chanical force  that  may 
be  applied  to  it  in  the 
direction  a.  This  follows 
directly  from  the  law  of 
conservation  of  energy: 
by  following  the  field  the 
currents  in  the  ring  are 
decreased,  while  other- 
wise they  would  increase 
indefinitely. 

The  stationary  part,  or 
the  stator  of  an  induction 
motor,  is  shown  in  Fig.  396.  It  consists  of  a  laminated  iron  frame, 
held  by  a  cast-iron  housing  and  provided  with  a  regular  three-phase 
or  two-phase  winding,  similar  to  that  of  an  alternator;  the  winding 
is  connected  to  a  line,  which  supplies  the  motor  with  power. 


Fig.  396.    The  stator  of  an  induction  motor. 


Fir,.  307.     The  squirrel -oasje  rotor  of  an  induction  motor. 

The  rotor,  or  the  secondary  part  of  the  motor,  is  shown  in  Fig.  397;  it 
consists  of  a  laminated  iron  core  mounted  on  a  cast-iron  spider  and 
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provided  with  a  winding  short-circuited  upon  itself.  This  particular 
rotor  has  a  winding  of  the  so-called  "squirrel-cage  "  type,  which  con- 
sists of  copper  bars  slightly  insulated  from  the  iron  and  connected  on 
both  ends  to  metallic  rings  which  complete  the  circuit. 

522.  Slip  and  Torque.  —  The  speed  of  the  revolving  magnetic 
field  depends  on  the  frequency  of  the  line  currents  and  the  number  of 
poles  of  the  stator.  During  one  alternation  of  the  supply  current  the 
field  travels  from  one  pole  to  the  next  pole,  therefore  the  number  of 
revolutions  of  the  rotating  field  per  minute  is  equal  to  the  number  of 
alternations  (frequency)  of  the  system  divided  by  the  number  of  poles 
of  the  stator  winding.  For  instance,  on  ordinary  7200  alternation 
lighting  circuits  the  revolving  field  of  a  6-pole  induction  motor  makes 
7200  t6  =  1200  revolutions  per  minute. 

The  speed  of  the  rotor  is  lower  than  that  of  the  revolving  field,  in 
order  that  the  lines  of  force  may  cut  the  secondary  conductors.  In 
practice,  the  speed  of  the  armature  at  full  load  is  a  few  per  cent  less  than 
that  of  the  revolving  field;  for  instance,  the  actual  speed  of  the  above- 
mentioned  motor  would  be  somewhere  near  1140  r.p.m.  This  differ- 
ence in  speed  is  called  the  slip  of  the  induction  motor,  and  is  usually 
measured  in  per  cent  of  the  speed  of  the  revolving  field,  which  latter 
speed  is  also  called  the  synchronous  speed.  Thus  the  synchronous 
speed  of  the  above  motor  is  1200  r.p.m.  and.  the  slip  at  full  load  is 

1200-  1140      . 

1200        =  5  ***  Cent- 
The  slip  depends  on  the  load  of  the  motor  and  increases  with  it.    At 
no  load  the  motor  runs  almost  synchronously,  because  a  very  small 
difference  of  speed  between  the  revolving  field  and  the  rotor  is  sufficient    v^ 
to  induce  currents  in  the  latter,  furnishing  the  torque  necessary  for  o^er*/ 
coming  the  friction  and  windage.     As  the  load  increases,  the  slip  also    / 
increases,  the  rotor  runs  more  slowly,  and  the  induced  currents  become 
larger;  in  consequence,  the  torque  on  the  motor  is  increased,  as  it  ought 
to  be.     When  the  load  exceeds  a  certain  limit,  the  motor  "pulls  out  " 
and  comes  to  a  stop.     The  overload  capacity  of  an  induction  motor 
is  usually  measured  by  the  ratio 

pull-out    torque 
full-load  torque 

This  ratio  varies  from  1.3  to  2.5  and  higher,  according  to  the  size 
and  type  of  the  motor  and  the  purpose  for  which  it  is  designed. 

523.  Starting  Devices.  —  Induction  motors  cannot  be  started  by 
simply  switching  them  on  to  the  line  (except  in  very  small  sizes),  because 
the  rush  of  current  during  the  first  moments  would  be  too  large.     The 
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starting  is  done  at  a  voltage  considerably  lower  than  that  of  the  line, 
and  then,  as  the  motor  gains  in  speed,  the  voltage  is  increased  in  a  few 
steps  to  that  of  the  line.  The  gradations  of  the  voltage  are  obtained 
by  means  of  two  F-connected  auto-transformers  with  several  taps  I 
(Fig.  398);  a  controller  or  switch  is  provided,  usually  immersed  in  oil, 
for  safety  and  durability.  The  transformers  and  the  switch  are  inclosed 
in  a  common  case,  and  the  apparatus  is  called  an  "auto-starter"  or 
"compensator"  (Fig.  399). 

The  auto-starter  connections  are  such  that  at  starting,  the  trans- 
formers are  connected  to  the  line,  while  the  motor  windings  are  con-    | 
nected  across  a  certain  part  of  the  transformer  windings,  giving  a  lower 
voltage.     After  the  motor  has  reached  a  considerable  speed,  the  switch 
is  turned  to  the  "  running  "  position,  in  which  the  auto-transformers 

are  entirely  disconnected  from  the 
line  and  the  motor  is  directly  con- 
nected to  the  line. 

An  induction  motor  with  a 
squirrel-cage  secondary  is  essen- 
tially a  constant-speed  motor,  as 
the  difference  in  speed  between  no 
load  and  full  load  is  but  a  few  per 
cent.  The  starting  torque  of  this 
type  of  motors  is  not  particularly 
high,  the  motor  being  started  on  a 
low  voltage.*  For  driving  machine 
shops  and  similar  purposes,  where 
no  high  starting  torque  is  required,  squirrel-cage  induction  motors  are 
well  adapted  because  of  their  simplicity.  There  are  cases,  however,  in 
which  a  variable-speed  duty  with  high  starting  torque  is  required,  as, 
for  instance,  in  crane,  hoisting  and  similar  work,  for  which  direct- 
current  series-wound  motors  are  otherwise  used.  For  such  service  the 
rotor  of  the  induction  motor  is  made  phase-wound,  with  the  same  number 
of  poles  as  the  stator.  The  ends  of  the  winding  are  connected  to  three 
slip-rings,  whence  connections  are  made  to  a  three-phase  variable  rheostat. 
At  starting,  the  rheostat  is  all  connected  into  the  circuit  and  the  motor 
started  at  the  full  line  voltage,  with  a  powerful  torque  equal  to  several 
times  full-load  torque.     Then  the  rheostat  is  gradually  cut  out  and  if 

*  According  to  the  general  theory  of  induction  motors,  the  torque  decreases  as 
the  square  of  the  voltage.  For  torque  is  proportional  to  the  product  —  flux  times 
secondary  current .  But  secondary  current,  being  induced  by  the  flux,  is  propor- 
tional to  it.  Therefore,  torque  is  proportional  to  the  square  of  the  flux.  Now,  the 
flux  is  proportional  to  the  counter-e.m  .f .,  or,  roughly,  to  the  applied  voltage- 
Therefore,  torque  is  proportional  to  the  square  of  the  applied  voltage. 


Fig.  308.  Starting  an  induction  motor 
by  means  of  two  V -connected  auto- 
transformers. 
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necessary  used  for  speed  regulation :  the  more  resistance  is  inserted  into 
the  circuit,  the  lower  is  the  speed  of  the  motor. 

524.  EXPERIMENT  24-A.  —Exercises  in  Starting  and  Speed 
Control  of  Induction  Motors.  —  The  experiment  is  intended  to  famil- 
iarize the  student  with  the  two  above-described  methods  of  starting 
induction  motors.  If  a  motor  is  available  which  has  a  phase-wound 
secondary  with  slip  rings,  it  is  well  to  perform  this  experiment  on  such 
a  motor  in  order  to  be  able  to  compare  both  methods  of  starting. 
Wire  up  the  motor  so  as 
to  be  able  to  use  at  will 
either  an  auto-starter  or  a 
resistance  in  the  secondary. 

(1)  Compare  the  two 
methods  of  starting  with 
regard  to  the  magnitude 
of  the  current  which  is 
necessary  for  starting  the 
motor  at  a  certain  load: 
Put  on  a  load,  say  by 
means  of  a  Prony  brake, 
and  start  the  motor,  first, 
by  switching  the  motor  on 
the  full  line  voltage,  but 
having  a  high  resistance  in 
the  secondary,  the  resis- 
tance being  gradually  cut 
out  as  the  motor  gains 
speed ;  secondly,  by  the 
usual  method,  with  the 
secondary  winding  short- 
circuited,  and  the  primary 
voltage  reduced  by  means 
of  an  auto-starter.* 

The  starting  current  de- 
pends on  the  amount  of 
resistance  inserted  into  the 

secondary,  and  on  the  starting  voltage,   if  an   auto-starter  is  used. 
Therefore,   for  a  fair   comparison,    the   best    starting   secondary   re- 

*  The  starting  torque  is, different  in  different  positions  of  the  secondary  rela- 
tive to  the  primary  winding.  In  order  to  have  comparable  results  the  motor 
must  in  all  cases  be  started  from  the  same  position. 


Fig.  8U9.     An  induction-motor  starter. 
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sistance  and  the  lowest  possible  starting  voltage  must  first  be  found. 
This  can  be  done,  for  instance,  for  the  full-load  torque.  Knowing 
the  rated  horse-power  of  the  motor  and  its  normal  speed,  the  full-load 
torque  can  be  easily  calculated  and  the  brake  adjusted  for  this  torque. 
Then  a  high  resistance  is  introduced  into  the  secondary,  and  is  gradually 
cut  out,  until  the  motor  starts.  This  is  assumed  to  be  the  right  value 
of  the  starting  resistance  for  the  first  step  of  the  starting  rheostat.  In 
a  similar  way,  different  taps  on  the  transformers  of  the  auto-starter 
are  tried,  until  a  voltage  is  found  at  which  the  motor  starts  with  the 
same  brake  load.  This  is  taken  as  the  right  tap  for  the  first  notch  of 
the  auto-starter. 

Having  thus  found  the  proper  setting  of  the  starting  apparatus  for 
both  methods  of  starting,  start  the  motor  at  a  few  different  values  of 
starting  torque,  using  both  methods  of  starting  in  succession  Try  to 
read  the  first  rush  of  the  current  and  its  subsequent  variation  as  closely 
as  possible;  also  notdfcthe  number  of  seconds  that  it  takes  for  the  motor 
to  attain  full  speed.  Do  this  with  the  purpose  of  forming  a  judgment 
concerning  the  relative  advantages  of  both  methods  of  starting.  It 
will  be  noted  that  leaving  some  resistance  in  the  secondary  circuit  may 
considerably  improve  the  starting  torque,  when  the  auto-starter  is 
used,  though  this  will  somewhat  lower  the  efficiency  and  increase  the 
slip  at  full  speed. 

In  making  the  above  comparison,  it  must,  of  course,  be  kept  in  mind 
that  a  squirrel-cage  motor  is  a  less  expensive  and  simpler  machine 
than  one  with  a  phase-wound  rotor;  also  that  starting  by  means  of 
auto-transformers  is  simpler  and  more  reliable  than  by  means  of  a 
three-phase  rheostat  in  the  secondary.  Therefore  the  former  method 
of  starting  should  be  invariably  used  where  a  high  starting  torque  is 
not  required  and  a  large  starting  current  is  not  objectionable. 

(2)  After  this,  the  motor  with  the  phase-wound  secondary  should 
be  tested  with  regard  to  its  speed  control.  Bring  the  motor  up  to  its  ' 
full  speed  by  gradually  short-circuiting  the  secondary  rheostat,  and 
put  on  approximately  full  load.  Now  keep  the  torque  (not  horse- 
power) constant,  and  gradually  reduce  the  speed  by  again  introducing 
resistance  into  the  secondary.  This  corresponds  to  a  practical  case 
when*  a  certain  weight  is  lifted  by  a  crane  at  varying  speeds.  Read 
amperes  primary  and  secondary  and  the  corresponding  speeds  with 
different  values  of  secondary  resistance. 

Speed  control  by  varying  the  primary  voltage  is  never  used,  because 
decreasing  the  applied  voltage  rapidly  reduces  the  magnetic  flux  and 
consequently  the  torque  of  the  motor.  If  time  permits,  try  this  method 
of  control,  by  connecting  the  starting  resistance  into  the  primary, 
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instead  of  the  secondary  circuit,  and  observe  the  behavior  of  the  motor. 
The  same  can  be  done  by  using  the  several  starting  positions  of  the  com- 
pensator, if  it  is  large  enough  to  carry  the  current  for  a  considerable  time. 
Report.  Arrange  the  data  in  the  form  of  curves,  or  a  table,  show- 
ing the  comparative  behavior  of  the  motor  with  the  two  methods  of 
starting;  show,  in  particular,  the  amount  of  starting  current  and  the 
time  that  it  takes  to  bring  the  motor  up  to  speed.  In  regard  to  speed 
control,  give  curves  showing  the  speed  of  the  motor  and  the  current 
input,  as  a  function  of  the  amount  of  resistance  in  the  secondary  circuit. 

PERFORMANCE   TESTS. 

525.  —  The  operating  features  of  an  induction  motor  may  be  best 
judged  from  a  set  of  curves,  such  as  shown  in  Fig.  400.  All  the  data 
are  plotted  to  horse-power  output  as  abscissae.  Some  prefer  to  plot 
them  to  amperes,  or  watts  input,  others  to  pounds  torque.  There  is 
not  much  difference  between  these  three  methods;  one  justification  for 
plotting  it  to  horse-power  is 
that  such  curves  are  better 
understood  by  non-electrical 
engineers.  The  three  most 
important  curves  are  those 
of  efficiency,  power  factor, 
and  speed.  The  other  curves 
may  also  be  useful  for 
various  purposes,  and  are 
usually  included  on  the 
curve-sheet.  The  curve 
marked  "true  H.P.  Input" 
is  obtained  by  dividing  watts 
input  into  the  motor  by  746. 
Similarly,  the  ordinates  of 
the  "Apparent  H.P.  Input  " 

curve  represent  the  volt-ampere  input  divided  by  746.  The 
ordinates  of  the  efficiency  curve  are  equal  to  the  ratios  of  the  ordi- 
nates of  the  output  and  the  true  input  curves.  The  ordinates  of  the 
power  factor  curve  represent  the  ratio  of  true  input  to  apparent  input. 
In  addition  to  these  curves  an  "Apparent  Efficiency  "  curve  is  some- 
times plotted,  giving  the  ratio  of  the  output  to  apparent  input. 

The  above  performance  curves  may  be  obtained  from  a  direct  brake 
test,  or  they  can  be  calculated  from  the  losses  in  the  motor;  sometimes 
they  are  predetermined  from  a  vector  diagram.  Each  of  these  three 
methods  will  be  described  in  detail  in  the  course  of  this  and  the  following 


Fig.  400. 


H.P.  Output 


Performance  curves  of  an  induction 
motor. 
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chapters.  The  general  arrangement  of  the  brake  test  is  the  same  as 
is  described  in  §§  331  to  333,  in  application  to  direct-current  motors. 

526.  Measuring  Input.  —  The  electrical  power-input  to  a  three- 
phase  motor  is  measured  by  the  so-called  two-wattmeter  method, 
shown  in  Fig.  401.  One  of  the  line  wires,  say  B,  is  assumed  to  be  a 
common  return  wire  for  two  other  wires:  The  power  is  measured 
between  the  wires  A  and  B,  and  then  between  C  and  B,  and  the  watt- 
meter readings  are  added  together  in  order  to  get  the  total  input  into 
the  motor.  Accordingly,  the  series  winding  of  one  wattmeter  is  con- 
nected into  the  line  A,  and  its  shunt  winding  across  A  —  B.  The 
series  winding  of  the  other  wattmeter  is  connected  into  the  line  C,  and 
the  potential  winding  across  C  —  B.  With  the  use  of  a  polyphase 
board  (§  49)  only  one  wattmeter  is  needed;  it  is  connected  in  succession 
in  two  positions  shown  in  Fig.  401,  and  the  readings  added  together. 

Theory  and  experience  show  that  this  method  gives  correct  results 
for  the  total  power  input  on  balanced,  as  well  as  on  unbalanced  loads. 

However,  the  two  component 
readings  are  equal  only  when  the 
load  is  balanced  and  non-induc- 
tive (power  factor  of  100  per 
cent).  With  an  induction  motor 
the  load  is  practically  balanced 
Fig.  401.  Measuring  power  input  into  a  in  the  three  phases,  but  the 
three-phase  motor  by  the  two-wattmeter        pQWer  factor  .fi  alwftys  ^  than 

me  100  per  cent.     Accordingly,  one 

of  the  wattmeter  readings  is  always  smaller  than  the  other.  On 
light  loads,  when  the  power  factor  of  an  induction  motor  becomes  less 
than  50  per  cent,  one  of  the  wattmeters  begins  to  give  negative  deflec- 
tions. Then  it  is  necessary  to  reverse  the  potential  leads  of  this  meter, 
and  to  take  the  difference  of  the  two  readings,  instead  of  their  sum. 

For  this  reason  it  is  advisable  to  begin  the  test  at  the  maximum  load 
(say  25  per  cent  overload)  where  the  power  factor  is  surely  higher  than 
50  per  cent,  and  then  reduce  the  load  by  steps  to  zero.  Then  one  cannot 
miss  the  point  at  which  it  becomes  necessary  to  reverse  the  leads  of  one 
of  the  wattmeters.  For  further  details  in  regard  to  the  two-wattmeter 
method,  see  §§  430  to  432.  If  a  polyphase  wattmeter  is  available,  total 
power  is  obtained  from  one  reading. 

It  would  hardly  be  practicable  to  provide  separate  ammeters  and 
voltmeters  for  each  phase;  a  special  "polyphase  board"  is  used  by 
means  of  which  the  same  instruments  may  be  connected  in  succession 
in  the  three  phases.  Any  of  the  polyphase  boards  described  in  §  49 
can  be  used  for  the  purpose. 
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527.  Measuring  Frequency  and  Speed.  —  Measuring  the  speed  of 
an  induction  motor  deserves  special  attention.  The  speed  depends  on 
the  load  and  on  the  frequency  of  the  supply  currents,  as  the  latter 
determine  the  speed  of  the  revolving  field.  If  the  power  for  testing  13 
taken  from  a  commercial  supply,  the  frequency  may  at  times  be  several 
per  cent  above  or  below  the  normal,  and  unless  the  exact  frequency  is 
known  at  the  time  when  the  speed  is  taken,  the  speed  determination  is 
of  little  value. 

When  the  generator  is  accessible,  its  speed  may  be  measured  simul- 
taneously with  that  of  the  motor,  so  that  the  two  speeds  refer  to  the 
same  frequency.  If  the  generator  is  not  accessible,  a  small  synchronous 
motor  may  be  run  from  the  same  line  to  which  the  induction  motor  is 
connected.  As  the  speed  of  the  synchronous  motor  is  always  equal 
to  that  of  the  generator  and  automatically  follows  the  variations  in 
speed  of  the  latter,  the  synchronous  motor  will  give  at  any  moment 
the  actual  speed  of  the  generator.  Special  instruments,  so-called 
frequency  meters  (see  §  474),  may  also  be  used  for  measuring  the  fre- 
quency of  the  supply. 

Instead  of  measuring  the  speed  of  the  motor  and  the  frequency  of 
the  supply,  it  is  much  preferable  to  measure  simultaneously  the  speed 
and  the  slip  (§  522)  of  the  induction  motor;  their  sum  gives  the  syn- 
chronous speed,  and  consequently  the  frequency  of  the  supplied  currents. 
If,  for  instance,  the  motor  speed  is  702  r.p.m.,  and  the  slip  22  r.p.m., 
the  synchronous  speed  is  724  r.p.m.  If  the  motor  is  a  10-pole  machine, 
the  frequency  of  the  supply  is  at  that  particular  moment  7240  alterna- 
tions per  minute,  instead  of  the  standard  7200.  In  plotting  the  speed 
curve,  the  corresponding  correction  must  be  made. 

Slip  usually  constitutes  but  a  few  per  cent  of  speed;  at  the  same  time 
an  accurate  knowledge  of  its  value  is  of  considerable  importance  to 
the  designer  as  well  as  to  the  user  of  the  motor.  When  slip  is  determined 
as  a  difference  between  the  synchronous  speed  and  the  actual  speed 
of  the  motor,  a  small  error  in  the  determination  of  either  may  lead  to 
considerable  error  in  the  value  of  the  slip  figured  out  as  the  difference 
of  the  two.  For  this  reason  it  is  preferable  to  measure  slip  and  speed 
directly  and  independently  of  each  other,  and  to  determine  the  fre- 
quency of  the  supply  as  the  sum  of  the  two.  This  leads  us  to  the 
description  of  slipmeters. 

528.  Stroboscope  Slipmeters.  —  The  name  "stroboscope "  is 
usually  applied  to  devices  based  on  the  peculiarity  of  our  eye  to 
preserve  a  continuous  impression  when  the  frequency  of  flickering  of 
the  light  exceeds  a  certain  limit. 

(a)   Sectored-Disk   Slipmeter.    A   simple   slipmeter   based    on    this 
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principle  is  shown  in  Fig.  402:  A  pasteboard  or  sheet-metal  disk  with 
white  sectors  painted  on  it  is  mounted  on  the  shaft  of  the  motor.  The 
number  of  sectors  should  be  equal  to  the  number  of  poles  of  the  motor. 
An  alternating-current  arc  lamp,  fed  from  the  same  supply  as  the 
motor,  is  placed  before  the  disk.  If  the  motor  could  revolve  synchro- 
nously the  white  sectors  would  appear  stationary;  as,  however,  the 
speed  of  the  rotor  is  a  few  per  cent  below  synchronism,  the  sectors 
appear  to  the  eye  slowly  rotating  in  the  direction  opposite  to  that  of 
the  shaft. 

The  reason  for  this  phenomenon  is  that  the  light  of  the  alternating- 
current  arc  lamp  is  actually  extinguished  once  during  each  alternation 
of  the  current.  With  synchronous  rotation  of  the  disk,  each  sector 
has  just  enough  time  during  one  alternation  to  occupy  the  position  of 

the  preceding  sector.  Thus,  when 
the  lamp  relights,  the  eye  of  the 
observer  finds  the  sectors  in 
seemingly  the  same  position  in 
space,  as  before.  The  flickerings 
of  the  light  occurring  several 
thousand  times  per  minute,  the 
phenomenon  appears  as  continuous. 
When,  however,  the  rotor  lags 
behind  synchronism,  the  sectors 
have  not  enough  tim§  to  move 
through  one  polar  division  durum 
one  alternation  of  the  current.  so 
that  when  the  lamp  lights  up  the 
next  time,  the  eye  finds  the  sector 
in  a  slightly  different  position. 
This  lagging  behind  is  going  on  continually,  and  the  sectors  appear  to 
the  eye  slowly  moving  backward,  while  in  reality  they  are  revolving 
at  a  high  speed  in  the  direction  of  rotation  of  the  shaft. 

The  higher  the  slip  of  the  motor,  the  faster  are  the  sectors  moving 
through  the  field  of  vision;  the  number  of  the  apparent  revolutions  of 
the  disk  is  a  direct  measure  for  the  slip.  In  order  to  count  the  sectors 
more  conveniently,  it  is  advisable  to  limit  the  field  of  vision  so  as  to 
see  only  one  sector  at  a  time.  Suppose,  for  instance,  that  120  sectors 
have  passed  through  the  field  of  vision  in  one  minute,  while  the  spee<l 
of  the  motor,  as  measured  by  an  ordinary  speed-counter,  was  1765 
r.p.m.;  let  the  motor  be  a  four-pole,  60-cycle  machine.  With  these 
data  the  slip  of  the  motor  and  the  actual  frequency  of  the  supply  is 
figured  out  as  follows: 


Fi<;.  402.  Disk  with  painted  white  sec- 
tors, for  measuring  slip  of  induction 
motors. 
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With  120  sectors  passing  through  the  field  of  vision  during  one  minute, 
the  motor  skipped  120  alternations  of  the  supply.  As  the  motor  has 
four  poles  it  took  120  -*-  4  =  30  slip  revolutions  to  skip  120  alternations. 
Hence,  the  synchronous  speed  of  the  motor  was  1765  +  30  =  1795 
r.p.m.,  and  the  slip  amounts  to 

^-  -  1.67  per  cent. 
1795  ^ 

The  frequency  of  the  supply  when  the  speed  was  measured  was 
equal  to  1795  X4«  7180  alternations  per  minute  instead  of  the 
standard  frequency  7200. 

It  will  be  seen  from  the  above  example  that  the  stroboscopic  slip- 
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Fig.  403.     A  vibrating-reed  slipmeter. 

meter  is  more  suitable  for  25-cycle  motors  and  for  light  loads  than  for 
high-frequency  motors  and  for  heavy  loads,  because  in  the  latter  case 
the  sectors  pass  too  rapidly  through  the  field  of  vision,  and  it  is  difficult 
to  count  them. 

(b)  Vibrating-Reed  Slipmeter.  Another  stroboscopic  slipmeter, 
which  does  not  require  an  arc  lamp,  was  suggested  by  Professor  Perkins 
of  the  University  of  Tennessee.  It  consists  of  an  alternating-current 
electromagnet  (Fig.  403)  connected  to  the  source  of  supply  and  provided 
with  a  steel  reed  near  one  of  its  ends.  Alternating  current  flowing 
through  the  electromagnet  sets  the  reed  into  synchronous  vibrations. 
The  reed  is  loaded  at  its  extremity  with  the  weight  w,  so  as  to  make 
its  natural  period  of  vibration  correspond  to  that  of  the  supply.  A  disk 
with  a  slot  in  it  is  mounted  on  the  shaft  of  the  motor,  and  the  vibrating 
reed  is  viewed  through  this  slot.  If  the  rotor  were  revolving  syn- 
chronously, the  reed  would  appear  to  the  eye  stationary,  because  it 
would  be  viewed  by  the  observer  always  during  the  same  part  of  its 


558 


INDUCTION  MOTORS  —  OPERA  TION. 


[Chap.  24 


vibration.  As,  however,  the  rotor  lags  behind  synchronism  the  reel 
appears  slowly  moving  up  and  down.  The  number  of  strokes  per 
minute  is  proportional  to  the  slip,  as  in  the  case  of  the  arc-lamp  slip- 
meter. 

The  reed  may  vibrate  at  a  frequency  some  multiple  of  that  of  the 
supply,  and  it  is  safer  to  calibrate  this  instrument  experimentally,  by 
measuring  the  slip  of  a  motor  by  some  other  method.  This  will  give  a 
constant  by  which  to  multiply  the  number  of  strokes  in  order  to  find 
the  number  of  alternations  skipped  per  minute. 

529.  Commutator  Slipmeters.  —  In  places  where  many  induction 
motors  are  tested  regularly,  it  is  desirable  to  have  more  convenient 


404.     A  commutator-type  slipmeter. 

devices  for  measuring  slip  than  the  above-described  stroboscopic  slip- 
meters.  A  device  of  this  kind  is  shown  in  Figs.  404  and  405.  In  its 
principle  it  is  a  commutator  with  as  many  segments,  as  the  motor  has 
poles.  This  commutator  is  pressed  against  the  end  of  the  motor  shaft, 
as  an  ordinary  speed-counter,  and  at  the  same  time  is  connected  through 
a  resistance  to  the  power  supply  and  to  a  sensitive  ammeter.     If  the 

speed  of  the  motor  were  exactly 
synchronous,  the  impulses  of  the 
current,  sent  through  the  commu- 
tator into  the  ammeter,  would  be 
always  at  the  same  point  in  the 
alternating  e.m.f.  wave,  and  its 
indication  would  be  steady.  As. 
however,  the  motor  lags  behind  the 
revolving  field,  these  impulses  occur 
now  at  the  maximum  of  the  wave, 
now  at  the  intermediate  values,  and 
the  needle  of  the  ammeter  swings 
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Fig.  405.     Electrical  connections  to 
the  slipmeter  shown  in  Fig.  404. 


at  a  speed  equal  to  the  difference  of  the  speeds  of  the  revolving  field 
and  the  rotor,  and  hence  proportional  to  the  slip  of  the  motor.  If  the 
slip  is  not  too  high,  the  number  of  swings  per  minute  can  be  easily 
counted  and  the  slip  calculated.  An  alternating-current  bell  (polarized 
bell)  can  be  used  instead  of  an  ammeter,  and  the  number  of  strokes  per 
minute  counted. 
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The  difficulty  in  counting  the  number  of  impulses,  when  the  frequency 
is  high  and  slip  is  considerable,  is  the  same  with  this  device  as  with 
the  stroboscopic  slipmeters.  The  Bianchi  slipmeter  (Fig.  406),  while 
similar  in  its  principle  to  that  shown  in  Fig.  404,  has  an  attachment 
for  automatically  registering  the  number  of  revolutions  of  slip.  The 
impulses  produced  by  the  revolving  commutator  D,  instead  of  being 
counted  by  the  observer,  are  sent  through  the  electromagnet  M,  which 
actuates  a  ratchet-and-pawl  recording  mechanism  q,  through  the  per- 
manent magnet  c.  The  number  of  revolutions  of  slip  is  thus  recorded 
on  the  dial  Z2;  at  the  same  time  the  number  of  revolutions  of  the  rotor 


I  ij  Luil  lou  « 

Motor 


Fig.  406.    The  Bianchi  automatic  slipmeter. 


is  shown  on  the  dial  Zv  connected  to  an  ordinary  speed-counter.  The 
operation  of  this  device  is  entirely  automatic;  it  is  pressed  against  the 
shaft  of  the  motor  at  p,  as  an  ordinary  speed-counter,  and  is  held  for, 
say,  one  minute.  The  reading  on  one  scale  Zt  gives  the  actual  speed 
of  the  motor;  the  reading  of  the  other  scale  gives  the  number  of  revolu- 
tions of  slip;  adding  the  two  gives  the  synchronous  speed  of  the  motor, 
and  consequently  the  frequency  of  the  supply. 

The  slipmeter  is  connected  to  the  line  either  between  the  terminals 
K  and  Kv  or  K.  and  K2,  according  to  the  voltage  of  the  motor.  For 
higher  voltages  a  shunt-transformer  is  used.  The  drum  D  is  provided 
with  different  combinations  of  contacts,  to  make  possible  the  use  of 
the  device  with  motors  of  various  numbers  of  poles.  The  setting  is 
accomplished  by  the  screw  s,  which  moves  the  roller  brush  bv  The 
number  of  poles  is  indicated  on  the  scale  U. 
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530.  EXPERIMENT  24-B.  —  Brake  Test  on  an  Induction 
Motor.  —  The  purpose  of  the  experiment  is  to  obtain  performance 
curves  of  an  induction  motor,  as  shown  in  Fig.  400.  Wire  up  the 
motor  as  per  §|  523  and  526,  and  let  it  run  light  for  about  30  min- 
utes to  warm  up  the  bearings.  Then  load  the  motor  to  about  25  per 
cent  above  its  rated  capacity,  and,  keeping  the  brake  load  as  steady 
as  possible,  read  volts,  amperes,  watts,  pounds  brake  load,  speed  and 
slip.  Reduce  the  load  by  approximately  equal  steps  to  zero,  taking  at 
each  point  the  same  readings  as  above.  The  form  of  data  sheet  shown 
on  the  opposite  page  will  be  found  convenient  for  recording  the  readings. 

Report.  Give  a  diagram  of  connections  used,  and  plot  curves,  as 
per  Fig.  400.  For  one  point  on  the  curves  give  the  methods  and  numer- 
ical calculations  by  which  the  ordinates  were  obtained.  In  figuring 
out  results  it  is  well  to  first  multiply  torque  (at  1  foot  radius)  by  speed 
and  divide  by  5252;  this  will  give  horse  power  for  abscissae.  Watts  and 
volt-amperes,  divided  by  746  give  true  and  apparent  horse  power  input. 
True  efficiency,  apparent  efficiency  and  power-factor  curves  represent 
the. ratios  of  the  ordinates  of  the  curves  of  output  and  input.  Speed, 
slip  and  torque  are  plotted  directly  from  the  test  data. 

531.  Objectionable  Features  of  the  Brake  Test.  — Those  who 
have  performed  brake  tests  on  induction  motors  know  the  difficulties 
involved  in  getting  accurate  data.  The  two  principal  complications 
of  the  test  are:  The  necessity  for  using  two  or  three  wattmeters  (or 
changing  the  wattmeter  from  one  phase  to  another),  and  the  difficulty 
in  keeping  the  brake  load  constant  while  the  speed  or  slip  is  measured. 
Because  of  these  difficulties,  and  also  because  a  comparatively  large 
number  of  men  are  required  for  this  test,  a  method  has  been  de- 
veloped which  does  away  with  the  Prony  brake,  the  output  being 
calculated  from  the  input  and  the  losses  in  the  motor. 

The  motor  is  belted  to  a  generator,  a  blower  or  any  other  machine 
giving  a  steady  load,  which  can  be  varied  at  will.  The  experiment  is 
performed  in  exactly  the  same  manner,  as  in  the  above-described  brake 
test,  except  that  no  brake  readings  are  taken.  At  the  end  of  the  test 
the  belt  is  taken  off  and  readings  are  taken  of  amperes  and  watts  at  no 
load.  After  this  the  motor  is  stopped  and  the  resistances  of  the  primary 
windings  are  determined,  usually  by  the  drop-of-potential  method. 
From  the  last  two  readings  the  losses  in  the  motor  can  be  calculated; 
subtracting  them  from  the  input,  the  output  is  obtained  without  the 
necessity  of  having  a  brake.  Experience  shows  that  more  reliable 
results  can  be  obtained  by  this  method,  than  by  a  direct  brake  test. 

.  532.  Losses  in  the  Induction  Motor,  —  The  performance  test  de- 
scribed in  the  preceding  article  involves  figuring  out  losses  in  the  indue- 
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tion  motor.  These  losses  consist  of  copper  loss  in  the  primary  and  id 
the  secondary  windings,  and  of  no-load  losses  (iron  loss  and  friction  i. 
The  latter  can  be  assumed  practically  constant  at  all  loads  and  having 
the  same  value  as  at  no  load  (hence  the  name  "no-load  losses  ").  The 
primary  copper  loss  can  be  easily  calculated  if  the  primary  current 
and  the  resistance  of  the  primary  winding  are  known.  The  secondary 
copper  loss  is  proportional  to  the  per  cent  slip,  as  is  shown  below. 

Suppose  first  the  resistance  of  the  secondary  winding  to  be  zero;  the 
slip  would  be  practically  zero  at  any  load  because  the  secondary  currents 
necessary  for  producing  a  torque  could  be  induced  with  an  infiintesimal 
difference  in  speed  between  the  revolving  flux  and  the  rotor.  If. 
however,  the  secondary  winding  has  an  appreciable  resistance,  a  certain 
finite  difference  in  speed  is  required  in  order  to  induce  the  same  torque- 
producing  currents.  Thus,  the  necessary  torque  is  obtained  at  a  sac- 
rifice of  a  certain  per  cent  of  speed.  The  corresponding  loss  of  output 
is  converted  into  the  PR  heat  in  the  secondary  winding. 

The  details  of  calculation  of  the  output  of  the  motor  from  its  input 
and  the  losses  may  be  best  shown  in  a  numerical  example.  A  10  horse- 
power, 440- volt,  3-phase  induction  motor  was  found  to  take  800  watts 
at  no  load;  the  no-load  current  was  5.5  amperes  per  phase,  primary 
resistance  0.75  ohm  per  phase.  From  this  data,  iron  loss  and  friction 
should  first  be  computed;  these  are  equal  to  800  watts  less  a  correction 
for  the  copper  losses  in  the  primary  and  the  secondary  windings.  But 
the  secondary  copper  loss  is  negligible  at  no  load,  because  the  slip  is 
very  small.  Thus  the  correction  amounts  to  3  X  5.5*  X  .75  =  68  watts, 
and  the  losses  in  question  are  equal  to 

800  -  68  =  732  watts. 

Take  now  a  point  on  the  load  curve,  for  instance,  corresponding  to 
an  input  of  15  amperes  per  phase.  Suppose  that  the  power  reading  at 
this  input  was  9920  watts,  and  the  slip  5.4  per  cent.  The  primarv 
copper  loss  is 

3  X  "l52  X  0.75  =  506  watts, 
therefore 

Output  +  Sec.  copper  loss  =  9920  -  (506  4-  732)  -  8682  watts, 
the  last  number  representing  the  input  into  the  secondary. 

The  secondary  copper  loss  constitutes  a  part  of  the  input  into  the 
secondary,  proportional  to  per  cent  slip.     Thus,  in  our  case, 

K  A 

Sec.  copper  loss  —  8682  -—  —  469  watts. 

1LHJ 

Therefore 

Output  -  8682  -  469  -  8213  watts  «  11  horae-power. 
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Having  thus  determined  the  output  corresponding  to  a  given  input, 
the  efficiency,  the  torque,  etc.,  may  be  figured  out  as  in  the  brake  test 
before. 

NOTE.  It  is  not  quite  correct  to  subtract  both  iron  loss  and  friction 
from  the  primary  input.  Most  of  the  iron  loss  takes  place  in  the  primary, 
while  the  friction  reduces  the  secondary  output.  The  correct  way 
would  be  to  subtract  the  primary  copper  loss  and  the  iron  loss  from 
the  input  into  the  primary;  the  result  will  represent  the  input  into  the 
secondary.  The  same  being  reduced  by  per  cent  slip  represents  the 
power  developed  on  the  shaft  of  the  motor;  subtracting  the  friction 
from  it  the  power  is  obtained  actually  available  for  useful  work.  This 
accurate  procedure  is  never  used  in  practical  testing,  because  there  is 
no  very  simple  method  for  separating  iron  loss  from  friction  in  an  induc- 
tion motor.  The  error  committed  is,  however,  so  small,  as  to  be  neg- 
ligible for  practical  purposes. 

533.  EXPERIMENT  24-C.  —  Performance  of  an  Induction 
Motor,  from  Losses.  —  The  motor  is  belted  to  a  generator,  or  a  blower, 
serving  as  a  load,  and  a  series  of  readings  are  taken  as  explained  in 
§  530,  except  that  the  brake  readings  are  omitted.  At  the  end  of  the 
load  test,  careful  readings  should  be  taken  of  amperes  and  watts  at  no 
load,  and  the  resistances  of  the  primary  windings  determined.  Measure 
(by  thermometers)  the  temperature  of  the  windings  while  measuring 
their  resistance. 

Report  The  same  curves  should  be  plotted  as  in  the  report  in 
§  530,  the  results  to  be  derived  by  the  method  described  in  article  532. 
In  figuring  out  the  primary  copper  loss,  use  the  value  of  the  primary 
resistance,  which  it  has  at  a  temperature  50  degrees  C.  above  the  tem- 
perature of  the  room. 

It  should  be  borne  in  mind  that  when  a  resistance  is  measured  between 
two  terminals  of  a  F-connected  induction  motor,  the  result  thus  obtained 
represents  the  double  resistance  per  phase.  Therefore,  in  order  to 
obtain  the  average  resistance  per  phase,  take  the  resistances  between 
the  terminals  A  —  B,  A  —  C,  and  B  —  C,  add  them  together,  and  divide 
the  result  by  six. 

Plot  on  a  separate  sheet,  curves  of  total  losses,  primary  and  secondary 
PR  losses,  and  iron  loss  4-  friction,  against  horse-power  output  as 
abscissae,  so  as  to  have  a  clear  expression  of  the  relative  importance 
of  these  losses  at  various  loads. 


A  modification  of  the  above  test  is  possible  when  a  carefully  calibrated 
generator  or  an  accurate  transmission  dynamometer,  such  as  the  one 
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described  in  §  332,  is  available  as  a  load.  No  wattmeter  readings  are 
necessary  in  this  case,  and  the  input  can  be  figured. out  from  the  output 
and  the  losses.  If  wattmeter  readings  are  taken,  they  may  be  used 
as  a  check  on  the  results.  It  is  evident  that  such  a  check  is  always 
possible  with  the  ordinary  brake  test,  since  the  input  can  be  figured 
out  from  the  brake  readings  and  the  losses,  as  well  as  read  directly 
on  the  wattmeter.  Such  a  check  is  always  desirable  when  the  test  is 
of  particular  importance. 

SINGLE-PHASE    INDUCTION    MOTORS. 

534.  —  It  is  a  well-known  fact  that  when  a  two-phase  or  a  three- 
phase  induction  motor  is  running*  and  the  connection  between  one 
of  the  phases  and  the  line  is  broken,  the  motor  continues  to  run,  pro- 
vided the  load  is  not  too  heavy.  In  this  case  it  is  said  to  operate  as 
a  single-phase  motor.  The  motor  will  not  start,  however  (without 
special  devices),  when  connected  to  but  one  phase  of  the  supply.  Induc- 
tion motors  wound  single-phase  are  used  to  some  extent  in  places 
where  most  of  the  load  consists  of  lighting,  and  where,  therefore,  power 
distribution  is  effected  by  single-phase  lines.  Such  motors  require 
special  devices  for  starting;  some  of  these  are  described  in  §§  536  to  53S. 

535.  Action  of  Single-Phase  Induction  Motors.  —  The  theory  of 
single-phase  induction  motors  is  much  more  complicated  than  that  of 
polyphase  motors,  because  the  currents  and  the  fluxes  in  the  former 
have  rather  an  irregular  and  complicated  form.  The  following  simple 
explanation  of  the  action  of  a  single-phase  induction  motor  is  given 
without  any  claim  to  its  absolute  accuracy. 

A  single-phase  stator  winding  can  produce  but  a  pulsating  magnetic 
flux,  and  not  a  revolving  one.  Thus,  when  the  motor  is  at  rest,  the 
rotor  acts  as  the  secondary  of  a  transformer,  and  there  is  no  reason  why 
the  motor  should  start  in  either  direction.'  From  a  well-known  mechan- 
ical law,  the  pulsating  magnetic  flux  may  be  resolved  into  two  fluxes 
revolving  in  the  opposite  directions.  These  two  revolving  fluxes  produce 
equal  actions  on  the  secondary,  and  the  actions  are  mutually  destroyed. 

But  when  the  motor  has  been  brought  up  to  a  certain  speed  by 
external  means,  the  relative  speed  between  one  of  the  imaginary  revolv- 
ing fluxes  and  the  rotor  is  decreased,  while  the  other  is  increased.  The 
dissymmetry  produced  is  of  such  a  nature  as  to  give  preponderance  to 
the  magnetic  flux  revolving  in  the  same  direction  with  the  armature. 
The  flux  revolving  in  the  opposite  direction  produces  high-frequency 
secondary  currents  which  are  considerably  out  of  phase  with  the  flux, 
and  therefore  give  only  a  small  torque,  which  slightly  reduces  the  useful 
torque  of  the  motor. 
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For  the  theory  of  single-phase  induction  motors  see  Dr.  McAllister's 
Alternating  Current  Motors,  and  B.  A.  Behrend's  Induction  Motor, 
An  elegant  and  accurate  theory  may  be  also  found  in  an  article  by 
Goerges  in  Elektrotechnische  Zeitschrijt,  1903,  No.  15.     See  also  §  562. 

536.  Starting  with  an  Auxiliary  Phase.  —  A  revolving  field  is  neces- 
sary in  order  to  make  an  induction  motor  self-starting.  This  field  may  be 
produced  by  adding  a  second  phase-winding  to  the  main  stator  winding 
of  the  single-phase  motor  (Fig.  407).  It  is  shown  in  §  520  that  two 
windings,  displaced  relatively  to  each  other,  produce  a  revolving  field, 
only  when  the  currents  flowing  in  these 
windings  are  out  of  phase  with  each 
other.  In  the  case  of  the  single-phase 
motor  both  windings  are  of  necessity 
connected  to  the  same  phase  of  the 
supply,  so  that,  if  the  circuits  of  the  two 
windings  were  identical,  the  currents 
flowing  through  them  would  be  in  phase 
with  one  another,  and  no  revolving  field 
would  be  produced. 

In  order  to  shift  or  "split"  the  phase 
of  the  current  in  one  of  the  windings, 
some  resistance,  inductance  or  capacity 
is  connected  in  its  circuit:  This  makes 
the  phase  displacement  either  larger  or 
smaller  than  in  the  other  phase,  and  a 
revolving  field  is  produced.  When  the 
motor  is  started  and  a  considerable 
speed  is  reached,  the  circuit  of  the 
auxiliary  phase  is  opened,  either  automatically,  or  by  hand,  and 
the  motor  continues  to  run  single-phase.  To  reverse  the  motor, 
the  connections  to  either  the  main  or  the  auxiliary  phase  are 
reversed. 

A  special  case  of  single-phase  motors  is  that  of  fan  motors  in  which 
the  auxiliary  phase  is  produced  by  copper  rings  permanently  short- 
circuited  upon  themselves,  —  so-called  "  shading  coils  "  (Fig.  43).  The 
principle  shown  there  in  application  to  a  measuring  instrument  is  also 
used  in  single-phase  induction  motors.  Very  small  motors  may  also  be 
started  without  any  auxiliary  phase,  by  simply  giving  an  energetic 
pull  on  the  belt  or  pulley. 

The  revolving  field  produced  by  means  of  an  auxiliary  phase  is  a 
rather  imperfect  "elliptical"  field  at  the  best,  and  no  appreciable  start- 
ing torque  can  be  expected  from  single-phase  induction  motors.     The 
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motors  are  often  supplied  with  friction  clutches  which  are  engaged 
only  after  the  motor  has  reached  a  considerable  speed.  This  is  usually 
done  automatically,  operating  on  the  principle  of  centrifugal  force.  A 
small  starting  torque  must  be  had,  if  desired,  at  the  expense  of  an 
excessive  starting  current. 

537.  Three-Phase  Motors  on  Single-Phase  Circuits.  —  There  are 
cases  in  which  it  becomes  desirable  or  necessary  to  operate  three- 
phase  induction  motors  on  single-phase  circuits,  for  instance,  when 
one  of  the  line  wires  or  a  transformer  is  put  out  of  commission.  A  good 
starting  arrangement  is  shown  in  Fig.  408.   Two  of  the  phase  windings. 


-Single  phase  line  ■ 


Starting  device 


Three-phase 
suitor  winding. 


Fig.  408.    Starting  a  three-phase  induction 
motor  on  a  single-phase  circuit. 


Fio.  409.  Current  and 
voltage  relations  with 
the  connections  ac- 
cording to  Fig.  408. 


0  A  and  OC,  are  connected  in  series  across  the  line  and  constitute  the 
"running,"  or  the  main  phase.  The  third  winding  OB  is  used  for 
starting  only,  in  connection  with  an  inductance  x  and  a  resistance f. 
After  the  motor  has  reached  a  considerable  speed,  the  circuits  of  the 
starting  device  and  that  of  the  auxiliary  phase  are  opened. 

The  vectorial  relations  are  represented  in  Fig.  409:  OE  is  the  line 
voltage,  Oi  the  current  in  the  main  phase  AC,  lagging  behind  OE 
because  of  the  inductance  of  the  winding.  Vol tages* across  r  and  x 
are  represented  by  OF  and  FE  respectively.  The  current  t,  through 
r  and  x  is  in  phase  with  OF  and  lags  considerably  behind  FE. 
The  voltage  across  the  starting  phase  is  represented  by  the  vector 
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DF,  since  this  phase  is  connected  between  the  middle  point  of  AC 
and  the  junction  of  r  and  x.  It  will  be  seen  from  the  sketch  that  the 
voltage  DF  may  be  made  to  lag  considerably  in  phase  behind  OE,  so 
as  to  satisfactorily  imitate  a  two-phase  combination.  The  diagram 
represents  the  conditions  taking  place  when  the  auxiliary  phase  is 
open;  as  soon  as  a  current  begins  to  flow  through  OB,  the  phase 
relations  become  less  favorable  and  the  phase  angle  between  D  F  and 
OE  decreases.  Still,  by  suitably  selecting  r  and  x,  a  torque  can  be 
produced  sufficient  for  starting  the  motor. 

538.   Starting  as  Repulsion  Motor. — There  is  a  class  of  single-phase 
motors,  Fig.  410,  which  possess  quite  a  considerable  starting  torque; 
this  is  obtained,  however,  at 
the  expense  of  a  commutator 
and  brushes.    The  particular 
motor,  shown  in  the  sketch, 
has  a  stationary  field  wind- 
ing  FF,  connected   to  the 
line,  and  producing  a  pulsa- 
ting field,  as  shown   by  the 
arrows.     The  armature  A  is 
similar  to    that   of    direct- 
current  machines,  and  is  pro- 
vided  with  a  commutator. 
The  brushes  b  b  are  shifted 
against  the  direction  of  the 
field,  and  are  short-circuited 
upon  themselves,  thus  form- 
ing a  closed  armature  circuit. 
The  pulsating  field  induces  secondary  currents  in  the  armature,  and 
the  latter  tends  to  move  into  such  a  position  as  to  be  subjected  to 
minimum  induction.     This  is  impossible  because  the  direction  of  the 
magnetic  axis  of  the  armature  is  determined  by  the  position  of  the 
brushes;  so  the  armature  revolves  continuously,  trying  to  come  into  a 
stable  position. 

Such  motors  are  called  "repulsion"  motors;  they  are  seldom  used  at 
present  on  account  of  difficulties  in  commutation,  and  their  so-called 
series  characteristics.  The  speed  of  the  motor  greatly  increases  as 
the  load  decreases,  the  repulsion  motor  being  in  this  respect  similar 
to  a  direct-current  series-wound  motor  (Fig.  287). 

But  there  are  good  single-phase  induction  motors  on  the  market, 
which  start  as  repulsion  motors.  When  a  certain  speed  is  reached, 
the  commutator  is  automatically  short-circuited,  and  the  brushes  are 


Fig.  410.     Connections  of  a  repulsion  motor. 
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removed  from  the  commutator  by  a  centrifugal  device  to  avoid  unnec- 
essary friction.  The  objections  against  regular  repulsion  motors  are 
not  valid  in  this  case,  and  the  combination  motors  give  good  satis- 
faction, especially  if  starting  does  not  have  to  be  done  too  frequently. 

539.  EXPERIMENT  24-D.  —  Exercises  in  Starting  Single-Phase 
Motors,  —  A  regular  single-phase  induction  motor,  with  an  auxiliary 
phase,  should  be  provided  for  this  experiment.  Connect  up  the  motor 
as  shown  in  Fig.  407,  or  according  to  the  diagram  supplied  with  the 
motor.  Start  the  motor  at  no  load,  and  determine  the  first  current 
inrush,  current  taken  by  the  running  phase,  current  taken  by  the  start- 
ing phase,  and  time  which  it  takes  for  the  motor  to  reach  full  speed. 
If  any  adjustment  in  the  starting  phase  is  possible,  vary  the  conditions 
so  as  to  obtain  the  best  results,  viz.,  minimum  starting  current,  or 
minimum  time  necessary  to  reach  full  speed.  If  the  motor  can  be 
started  with  a  small  load,  put  on  a  brake  and  determine  maximum 
starting  torque  possible  with  various  values  of  starting  resistance  in 
the  auxiliary  phase.  Read  line  amperes,  amperes  in  both  phases, 
ohms  starting  resistance,  and  pounds  torque. 

If  a  regular  single-phase  motor  is  not  available,  use  an  ordinary 
three-phase  induction  motor,  connected  as  per  Fig.  409.  The  resistance 
r  and  the  inductance  x  should  at  first  be  adjusted  so  as  to  get  any 
starting  torque  whatever;  then  by  varying  their  values  the  starting 
conditions  should  be  improved,  as  far  as  possible.  After  this  either 
r  or  x  should  be  kept  constant,  and  curves  taken  showing  the  influence 
of  the  other  factor.  All  currents,  voltages  and  watts  should  be  read, 
as  far  as  possible,  in  the  several  branches  of  the  circuit,  so  as  to  be 
able  to  construct  diagrams,  like  that  shown  in  Fig.  408.  Voltages 
and  currents  should  also  be  read  with  the  phase  OB  open,  in  order  to 
see  the  influence  of  the  current  in  this  phase  on  the  current  and 
voltage  relations  in  the  circuit  a — b — c.  If  a  starting  torque  can  be 
obtained,  the  values  of  this  torque  should  also  be  investigated. 

Should  the  motor,  available  for  test,  be  intended  to  be  started  as  a 
repulsion  motor,  investigate  the  first  current  inrush,  the  power  factor 
at  start,  time  which  it  takes  to  reach  the  final  speed,  and  maximum 
starting  torque  at  which  the  motor  can  be  started.  If  the  brushes 
are  adjustable,  make  a  study  of  the  influence  of  their  position  upon 
the  starting  characteristics  of  the  motor. 

Report  the  results  of  the  tests,  and  construct  vector  diagrams  show- 
ing current  and  voltage  relations,  such,  for  instance,  as  in  Fig.  409. 
Plot  curves  giving  starting  amperes,  torque,  etc.,  as  a  function  of  the 
starting  resistance  or  inductance,  in  case  an  auxiliary  starting  phase 
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was  used".     For  the  repulsion  motor  plot  the  same  values  to  the  position 
of  the  brushes  as  abscissas. 

540.  EXPERIMENT  24-E.  — Brake  Test  on  a  Single-Phase 
Induction  Motor.  —  The  purpose  of  this  test  and  the  curves  to  be 
taken  are  similar  to  those  indicated  in  experiment  24-B  (§  530).  The 
wiring  is  much  simpler,  there  being  but  one  phase.  Particular  atten- 
tion should  be  paid  to  an  accurate  determination  of  the  pull-out  torque; 
low  overload  capacity  is  one  of  the  weaknesses  of  the  single-phase  induc- 
tion motor,  so  that  the  ratio  of  the  pull-out  torque  to  the  full-load  torque 
should  be  considered  when  judging  of  the  quality  of  the  motor. 

541.  EXPERIMENT  24-F.  —Performance  of  a  Single-Phase 
Induction  Motor  from  Losses.  —  The  reasons  for  determining  the 
performance  of  a  single-phase  motor  from  the  losses,  instead  of  by 
direct  brake  test,  are  the  same  as  are  given  in  §  531  for  polyphase 
induction  motors.  The  experiment  is  conducted  in  exactly  the  same 
way,  as  explained  in  §  533.  The  only  difference  in  figuring  out  the 
results  is  in  the  expression  for  the  secondary  copper  loss.  It  is  shown 
in  §  532  that  in  per  cent  of  secondary  input,  the  secondary  copper  loss 
in  a  polyphase  induction  motor  is  equal  to  per  cent  slip.  With  the 
single-phase  motor  the  secondary  copper  loss  is  twice  as  large  as  per 
cent  slip.  For  instance,  if  the  slip  of  the  motor  at  a  certain  is  load  4 
per  cent,  the  secondary  copper  loss  amounts  to  8  per  cent;  in  other 
words,  8  per  cent  of  the  input  into  the  secondary  are  converted  into 
heat  in  rotor  windings.  For  a  theoretical  proof  of  this  property  of 
single-phase  induction  motors,  see  the  references  given  in  §  535. 


CHAPTER  XXV. 
INDUCTION  MOTORS  — SPECIAL  STUDY. 

1.     PREDETERMINATION   OP   PERFORMANCE. 

542.  Actual  load  tests  on  induction  motors,  as  well  as  on  any  other 
type  of  electrical  machinery,  are  avoided,  whenever  possible,  since 
they  involve  a  considerable  expenditure  of  energy,  and  special  appli- 
ances, if  accurate  results  are  required.  In  machines  beyond  a  certain 
size  the  waste  of  power  and  the  arrangements  for  load  make  load  tests 
practically  impossible.  Methods  have  been  developed,  therefore,  for 
predetermining  the  performance  of  a  machine,  under  actual  load  con- 
ditions, from  a  few  simple  readings  taken  at  no  load.  Such  a  method 
in  application  to  polyphase  induction  motors  is  given  in  the  following 
articles. 

The  first  step  towards  predetermination  of  performance  is  indicate:! 
in  §§  531  and  532,  where  it  is  shown  that  the  output  of  an  induction 
motor  may  be  calculated  from  the  input  and  the  losses.  But,  a  load 
test  is  necessary  even  there,  in  order  to  obtain  the  values  of  power 
factor  and  speed,  corresponding  to  a  given  current  input.  It  will  t>e 
shown  that  power  factor  and  speed  may  also  be  predetermined  from 
no-load  readings,  thus  making  a  load  test  with  all  its  complications 
unnecessary. 

543.  Circle  Diagram.  —  Let  OE  in  Fig.  411  represent  the  impressed 
voltage  in  one  of  the  phases,  and  01  the  current  in  the  same  phase  at 
a  certain  load;  the  angle  <j>  between  the  two  corresponds  to  the  power 
factor  of  the  motor  at  this  load.  Theory  and  experiment  show  that, 
when  load  varies,  the  current  changes  in  such  a  way  that  the  locus  of  its 
vector  is  represented  by  a  semicircle  IqIK. 

The  current  at  no  load  is  represented  by  the  vector  0/0;  the  current 
is  small  and  the  phase  angle  EOI0  large,  the  power  factor  being  low. 
The  no-load  current  may  be  considered  as  consisting  of  a  wattless 
component  Om,  which  produces  the  magnetic  flux,  and  of  a  power 
component  m/0,  which  overcomes  iron  loss  and  friction  in  the  motor. 
As  the  load  increases,  the  point  70  moves  along  the  circle,  the  value  of 
the  current  increasing,  as  well  as  the  power  factor.  When  the  motor 
becomes  overloaded  the  power  factor  decreases  again,  due  to  a  more 
pronounced  influence  of  the  magnetic  leakage.     When  the  load  is  such 
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that  the  motor  stops,  the  current  which  it  takes  at  standstill  is  repre- 
sented by  a  certain  vector  0/,.  The  current  0I9  is  called  the  short- 
circuit  current,  or,  more  correctly,  the  current  with  the  armature  locked. 

Thus,  if  the  circle  has  been  determined  for  a  given  motor,  the  power 
factor  Cos  0  may  be  measured  from  the  diagram  for  any  given  value 
of  the  input  current  01. 

The  proof  of  the  proposition,  that  the  locus  of  the  points,  such  as 
/,  is  a  semicircle,  is  given  separately  in  §  J  554  and  555.     We  will  here 


Fig.  411.    The  circle  diagram  for  determining  the  performance  of  an  induction 

motor  (Heyland) . 

confine  ourselves  to  the  exposition  of  the  application  of  the  circle 
diagram.  Apart  from  any  theoretical  proof,  this  may  be  accepted  as 
a  result  of  numerous  direct  experiments.  It  may  be  verified  from  any 
accurate  load  test  by  plotting  the  vectors  of  current  to  the  observed 
values  of  the  phase  angle  <f>;  it  will  be  found  that  the  load  points  lie  on 
a  semicircle. 

The  circle  may  be  constructed  by  knowing  only  one  point  on  it,  if, 
in  addition,  the  position  of  the  point  /o  is  known.  As  such  a  second 
point,  the  point  /,  is  usually  selected,  the  vector  0IS  representing  the 
current  with  the  armature  locked.  The  vector  OI0  is  known  from  the 
no-load  readings.  Thus,  the  construction  of  the  circle  is  made  possible 
from  no-load  readings,  and  readings  with  the  armature  locked.  In 
both  cases  no  brake  is  required,  and  the  necessary  measurements  are 
both  simple  and  accurate. 
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01  being  the  primary  current,  its  component  Id  in  phase  with  the 
voltage  OE  represents  the  working  component  of  the  current:  hence. 
Id  multiplied  by  the  voltage  gives  true  watts  input  per  phase.  Thus . 
the  circle  gives  watts  input  and  the  value  of  the  power  factor,  for  any 
given  value  of  the  primary  current. 

Power  factor  Cos  </>,  equal  to  the  ratio  of  Id  to  01,  can  also  be  read 
directly  in  per  cent  on  the  quadrant  prq.  Namely,  Cos  <f>  is  equal  to 
the  ratio  of  Ot  to  Or;  but  0rf  the  radius  of  the  circle,  being  constant, 
Cos  <f>  is  directly  proportional  to  Ot.  By  selecting  Op  equal  to  Or  such 
as  to  be  conveniently  divided  into  100  parts,  power  factor  is  read  off 
directly  in  per  cent,  on  the  line  OE. 

It  will  now  be  shown,  that  output,  torque,  slip,  efficiency, —  in  fact  all 
the  data  for  plotting  the  performance  curves  (Fig.  400)  —  may  be  pre- 
determined from  the  same  circle  diagram. 

544.  Graphical  Representation  of  the  Losses.  —  The  current  cd, 
equal  to  I0m,  represents  the  no-load  losses  in  the  motor,  being  the  work- 
ing component  of  the  no-load  current  O/0.  Thus,  cd  accounts  for  the 
iron  loss,  friction,  and  for  the  copper  loss  corresponding  to  the  no-load 
current. 

We  shall  now  prove  that  6a  may  be  made  to  represent  the  secondary 
copper  loss,  at  the  input  corresponding  to  the  ordinate  Id.  The  second- 
ary current  at  this  load  (reduced  to  the  primary  circuit)  is  represented 
by  the  vector  I0I.  This  is  permissible  since  the  primary  current  01 
may  be  considered  as  consisting  of  two  parts;  magnetizing  com- 
ponent OI0  and  the  other  component  /(>/,  which  produces  ampere- 
turns  equal  and  opposite  to  the  secondary  ampere-turn^.  Thus, 
we  have  to  prove  that  ab  is  proportional  to  7JJ73  X  r2,  where  r, 
is  the  secondary  resistance  of  the  motor,  also  reduced  to  primary 
terms  (§  409). 

The  triangles  Hqc  and  II0K  being  similar,  we  have  that  /<je  is  equal 
to  Ho2  -*-  I0K.  Thus,  the  loss  in  question  is  proportional  to  the  seg- 
ment l(fi.  Now,  by  drawing  any  two  lines  such  as  /0/,  and  log,  radiat- 
ing from  the  point  /o,  it  will  be  seen  that  the  segment  ab  which  these 
lines  cut  from  the  ordinate  Id  is  proportional  to  /oc.  Therefore,  the 
secondary  copper  loss  may  be  represented  by  ab,  provided  the  rays 
/<>/,  and  log  are  properly  selected. 

The  primary  copper  loss  il2rl  cannot  be  represented  with  exactness 
in  a  similar  simple  way;  it  may  be  shown,  however,  that  it  can  be 
represented  with  sufficient  accuracy  by  the  segment  be.  Namely, 
assuming  the  triangle  Olio  to  be  approximately  a  right-angle  one. 
we  have 

*V  -  *22  +  *'o2. 
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Multiplying  this  expression  by  rx  we  get  that  the  primary  copper  loss 
it*rt  may  be  approximately  represented  by 

i22rl  +  io2rv 

We  have  already  seen  that  io*rv  being  the  primary  copper  loss  at  no 
load,  is  already  taken  into  account  as  a  part  of  the  ordinate  cd.  The 
other  term,  it*rv  has  the  same  form  as  the  secondary  copper  loss, 
except  that  rx  is  substituted  for  r3.  Thus  it  can  also  be  represented 
as  a  segment,  such  as  be,  cut  off  from  the  input  Id  by  two  lines  radiating 
from  the  point  Jo- 

The  proper  position  of  the  line  I^g  is  found  from  the  fact,  that  the 
whole  input,  with  the  armature  locked,  is  converted  into  losses,  since 
no  useful  work  is  performed  by  the  motor  under  these  conditions. 
The  distance  between  the  lines  IoK  and  Ox,  accounts  for  iron  loss, 
friction,  and  the  copper  loss  corresponding  to  the  no-load  component 
of  the  primary  current;  consequently,  the  ordinate  /,/  must  account 
for  the  secondary  copper  loss  and  the  primary  copper  loss  corresponding 
to  the  component  I0I  of  the  primary  current. 

The  expression  /<>//  X  rt  is  calculated  first,  and  plotted  to  the  suit^ 
able  scale  as  the  ordinate  fg;  the  rest,  glt,  represents  the  secondary 
copper  loss  with  the  armature  locked.  In  motors  provided  with  a 
squirrel-cage  secondary  this  loss  cannot  very  well  be  determined  experi- 
mentally, or  calculated  directly. 

Thus,  by  drawing  the  lines  /<>/,  and  log,  all  the  losses  in  the  motor 
may  be  separated,  and  the  output  calculated,  corresponding  to  a  given 
^input.* 

545.  Output  and  Torque,  —  The  ordinate  Id  representing  the  true 
input  into  the  motor,  and  da  being  the  sum  total  of  the  losses,  the 
difference  of  the  two,  or  la,  represents  the  output  of  the  motor,  in  amperes. 
Multiplying  it  by  the  voltage  and  dividing  by  746  the  output  in  horse- 
power is  found. 

The  ordinate  lb  is  a  sum  of  the  output  and  the  secondary  copper  loss, 
hence  it  represents  working  amperes  input  into  the  secondary:  It  is 
proportional  to  the  energy  transmitted  from  the  primary  into  the 
secondary  circuit,  through  the  mechanical  torque  existing  between 

*  The  circle  diagram,  explained  here,  is  accurate  in  all  respects,  except  in  the 
part  where  the  primary  ohmic  loss  is  accounted  for.  In  motors  above  1  or  2  horse- 
power, the  primary  copper  loss  is  usually  so  small  in  itself,  that  some  inaccuracy  in 
its  value  does  not  appreciably  alter  the  results.  With  very  small  motors  it  is  prefer- 
able to  obtain  performance  curves  directly  from  a  brake  test,  the  more  that  it  can  be 
performed  much  easier  than  with  larger  motors.  Another  alternative  is  to  use  more 
complicated  diagrams,  for  instance  such  as  described  by  Mr.  Specht  in  the  Electrical 
World  and  Engineer,  1905,  p.  388. 
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these  two  parts  of  the  motor.  Therefore,  lb  represents  the  torque  of 
the  motor.  To  obtain  the  torque  in  foot-pounds,  lb  must  be  multiplied 
by  the  voltage,  and  divided  by  the  synchronous  speed  of  the  motor. 
Synchronous  speed  should  be  taken  in  this  case,  and  not  the  actual 
speed,  because  the  diagram  is  constructed  from  the  standpoint  of  the 
primary  part  of  the  motor.  The  torque  is  considered  here  as  the  input 
into  the  secondary,  produced  by  a  revolving  magnetic  flux  which 
rotates  synchronously. 

Up  to  this  time,  the  vectors,  such  as  01,  Id,  etc.,  have  been  supposed 
to  represent  currents  in  amperes,  and  to  be  converted  into  watts  by 
being  multiplied  by  the  voltage  of  the  supply.  Instead  of  multiplying 
each  separate  ordinate,  it  is  more  convenient  to  change  the  scale  of  the 


o|      i   i.  d 

Pig.  412.    Determination  of  efficiency  and  slip  from  the  circle  diagram. 

circle  so  as  to  obtain  vectors  directly  in  watts,  instead  of  amperes. 
Then  the  input  Id,  the  output  la,  and  all  the  losses  may  also  be  read 
in  watts.  If  it  is  desired  to  express  the  input  and  the  output  in  horse- 
power, instead  of  watts,  the  scale  for  the  circle  may  be  selected  so  that 
the  ordinates  will  read  directly  in  horse-power.  This  latter  method 
for  constructing  the  circle  diagram  is  adopted  in  the  instructions  given 
in  §  549  below. 

546.  Efficiency  Scale.  —  Efficiency  may  be  determined  from  the 
circle  diagram  (Fig.  411)  as  a  ratio  of  the  output  la  to  the  input  Id. 
Some  prefer  to  read  the  efficiency  directly  from  the  diagram,  without 
taking  the  ratio.  This  is  done  by  drawing  an  efficiency  scale  NNX 
(Fig.  412).  Produce  the  line  I0I,  to  the  intersection  with  the  axis  Ox 
at  the  point  I,  and  draw  the  vertical  line  lNr  The  efficiency  scale 
N  Nt  is  a  horizontal  line  drawn  at  any  desired  distance  from  the  axis 
of  abscissae,  and  is  only  limited  by  the  condition  that  its  zero  N  should 
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lie  on  the  line  /<)/„  and  the  point  Nlf  corresponding  to  100  per  cent 
efficiency,  must  be  on  the  same  vertical  with  the  point  I.  To  find  the 
efficiency  corresponding  to  a  certain  input  Id,  connect  I  to  I  and  pro- 
duce II  to  its  intersection  with  the  efficiency  scale  at  n.  Nn  gives  the 
efficiency  directly  in  per  cent,  while  nNx  represents  the  total  losses, 
also  in  per  cent  of  the  input. 

The  proof  of  this  construction  is  as  follows:  The  triangles  IN Nx  and 
lad  are  similar,  therefore 

.odn-  ld  =  lNt  -h  NtN. 

The  triangles  lnNx  and  lid  are  also  similar,  so  that  we  have 
Id  +  ld  =  lNx  +  nNv 

Dividing  the  first  expression  by  the  second,  we  obtain 

ad  +  Id  =  nNx  +  NXN, 
or,  in  words, 

total  losses  -5-  input  =  nNt  ■*-  100. 

This  shows  that  nNi  represents  per  cent  losses;  the  rest,  Nn,  evidently 
represents  the  per  cent  efficiency. 

547.  Slip  Scale.  —  It  is  pointed  out  in  §  532  that  in  polyphase  induc- 
tion motors,  per  cent  slip  is  equal  to  per  cent  secondary  copper  loss. 
This  loss  is  represented  in  the  diagram  (Fig.  412)  by  ab;  the  input 
into  the  secondary  is  equal  to  lb.  Consequently,  the  slip  of  the  motor 
at  this  particular  load  is  equal  to  per  cent  ratio  of  ab  to  lb. 

Instead  of  figuring  out  the  values  of  this  ratio  for  various  loads,  it  is 
convenient  to  have  a  scale  on  which  per  cent  slip  can  be  read  off  directly 
as  is  explained  above  for  the  efficiency. 

Any  line  parallel  to  log,  such  as  SJS,  may  be  used  as  a  slip  scale,  pro- 
vided its  zero  point  lies  on  the  same  vertical  with  the  point  70,  and  the 
division  corresponding  to  100  per  cent  slip  is  on  the  line  I0IS.  For  any 
load,  such  as  Id,  produce  I J  to  its  intersection  with  the  slip  scale  at 
a.  S,p  reads  slip  directly  in  per  cent;  the  remainder,  sS,  gives  the 
actual  speed  of  the  motor,  in  per  cent  of  synchronous  speed. 

The  proof  of  this  construction  is  as  follows:  The  triangles  IoSSo  and 
Ifflb  are  similar,  so  that 

ab  h-  IJb  -  IJS0  +  Sfi. 
The  triangles  I<flSo  and  I0Ib  are  also  similar;  consequently, 
lb  +  IJb  =  IJ3.  +  S9s. 

Dividing  the  first  expression  by  the  second,  we  obtain 

ab  -f-  lb  -  S0s  +  SJS, 
< '    r.  words, 

-♦'condary  copper  loss  +  input  into  the  secondary  =  S0s  -f-  100, 
'.   K  proves  the  construction. 
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548.  Maximum  Input,  Maximum  Output,  etc.  —  The  circle  dia- 
gram (Fig.  412)  gives  directly  the  points  at  which  various  performance 
values  obtain  their  maximum: 

(1)  Maximum  input  corresponds  to  the  point  at  which  the  tangent 
to  the  circle  is  parallel  to  the  axis  Ox. 

(2)  Maximum  torque  corresponds  to  the  point  at  which  the  tangent 
to  the  circle  is  parallel  to  the  line  log. 

(3)  Maximum  output  corresponds  to  the  point  at  which  the  tangent 
to  the  circle  is  parallel  to  the  line  lola. 

(4)  Maximum  efficiency  corresponds  to  the  point  at  which  the 
tangent  from  I  touches  the  circle. 

(5)  Maximum  power  factor  corresponds  to  the  point  at  which  the 
tangent  from  0  touches  the  circle. 

In  plotting  the  performance  curves  from  the  diagram  it  is  well  t^ 
have  all  these  points  of  maximum  marked  first,  as  they  add  considerably 
to  the  accuracy  of  the  curves. 

549.  Instructions  for  Constructing  a  Circle  Diagram.  —  The  fol- 
lowing instructions  are  given  in  order  to  enable  the  student  to  con- 
struct quickly  and  without  hesitation  a  circle  diagram  (Figs.  411  an<l 
412)  from  the  results  of  a  test,  and  to  plot  the  corresponding  perform- 
ance curves,  shown  in  Fig.  400.  The  instructions  are  given  for  three- 
phase  motors,  and  the  points  of  difference  indicated  for  two-pha^e 
motors. 

(1)  Experimental  Data.  The  following  data  must  be  obtained  experi- 
mentally, as  is  explained  in  §§  551  to  553:  Total  no-load  watts  W0,  no 
load  amperes  iq  (per  phase);  total  watts  W9  with  the  armature  locked 
(short-circuit  watts),  short-circuit  current  ia  (per  phase).  All  of  the 
above  at  the  rated  terminal  voltage  E  of  the  motor.  Resistance  R 
(average)  of  the  stator  between  two  terminals. 

(2)  Power  Factor  Quadrant.  Select,  on  a  sheet  of  cross-section 
paper,  convenient  reference  axes  Ox  and  OE  (Fig.  411).  Take  Op 
equal  to  100  per  cent  power  factor  to  a  convenient  scale;  the  scale 
should  be  preferably  the  same  as  used  for  plotting  the  power-factor 
curve  on  the  curve  sheet  (Fig.  400).  With  Op  as  a  radius  strike  the 
quadrant  prq.  For  any  vector  of  primary  current,  such  as  OL  the 
power  factor  is  represented  by  the  ordinate  Ot  of  the  point  r,  at  which 
this  vector  intersects  the  quadrant. 

(3)  Input.  Figure  out  the  apparent  horse-power  input  with  the 
armature  locked,  isEVS  -*■  746  h.p.,  and  plot  it  to  a  convenient  scale 
as  the  vector  01  s,  at  a  power  factor  -  100 W,  -*-  i8E\/Z  per  cent.  In 
the  same  way,  plot  the  apparent  horse-power  input  at  no  load.  0/o  = 
i0EV3  +  746  h.p.,  the  power  factor  being  100  W0  -s-  i0E\/3  per  cent. 
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Through  I0  and  /,  draw  a  semicircle  KI8I0,  having  its  center  on  the 
horizontal  line  /  K0y  passing  through  the  point  /o.  For  any  point,  such 
as  /,  the  vector  01  represents  the  apparent  horse-power  input,  the 
ordinate  Id  measures  to  the  same  scale  true  horse-power  input.  Maxi- 
mum input  which  the  motor  can  take  corresponds  to  the  point  at  which 
the  tangent  to  the  circle  is  parallel  to  the  axis  Ox.  It  is  advisable  to 
select  the  same  scale  for  horse-power,  that  will- be  used  on  the  curve 
sheet:  the  ordinates  can  then  be  transferred  directly,  without  having 
them  scaled  off. 

For  two-phase  motors  substitute  in  the  above  formulae  the  coefficient 
2  in  place  of  V3. 

(4)  Primary  Current.  The  vector  of  the  primary  current  coincides 
with  the  vector  01  of  apparent  input.  If  01  is  measured^  in  horse- 
power, the  primary  current  per  phase  ix  =  7460/  -s-  E\/3  amperes. 
For  two-phase  motors  substitute  2  in  place  of  \/3. 

(5)  Output.  Connect  I0  with  /,.  Now  la  measures  the  output  in 
horse-power,  to  the  same  scale  to  which  Id  measures  the  input.  Maxi- 
mum output  corresponds  to  the  point  on  the  circle,  at  which  the  tangent 
to  the  circle  is  parallel  to  I0I8.  To  find  the  point  corresponding  to  the 
rated  output  of  the  motor,  draw  a  line  parallel  to  70/„  at  a  vertical  dis- 
tance from  it,  equal  to  this  horse-power.  This  line  will  intersect  the 
circle  in  two  points;  the  point  to  the  left  is  the  one  required,  since  it 
corresponds  to  a  higher  power  factor  and  a  higher  efficiency. 

(6)  Torque.   Figure  out  the  expression 


3  x(i,  ^-V  XJB  +  746  h.p. 


(reduced  primary  copper  loss  with  the  armature  locked),  plot  it  to  the 
horse-power  scale  as  /y/and  draw  I0g.  For  any  input,  such  as  Id,  the 
ordinate  lb  measures  torque  in  synchronous  horse-power. 

Torque  in  ft.  lbs.  =  torque  in  synchronjup.  X_5252^ 

synchron.  rev.  per  min. 

The  maximum  or  the  pull-out  torque  corresponds  to  the  point,  at 
which  the  tangent  to  the  circle  is  parallel  to  I0g.  For  two-phase  motors 
n.se  in  the  above  formula  the  coefficient  2  instead  of  3,  and  R  instead 
of  i  R. 

(7)  True  Efficiency.  The  true  efficiency  of  the  motor  is  equal  to 
the  ratio  of  la  to  Id.  If  it  is  desired  to  measure  the  efficiency  directly, 
produce  hi,  to  I  (Fig.  412)  and  draw  the  vertical  line  INX.  The  effi- 
ciency scale  N Nlis  then  drawn  at  such  a  distance  from  the  axis  Ox 
as  to  get  the  length  N  Nt  conveniently  divisible  by  100.     It  is  best  to 
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use  for  N  Nt  the  same  scale  which  is  intended  to  be  used  for  efficiency 
on  the  curve  sheet.  To  get  the  efficiency  corresponding  to  the  input 
Id  lay  a  straight  edge  between  the  points  I  and  /:  the  efficiency  is  read 
directly  in  per  cent  at  the  point  n  on  the  same  line. 

(8)  Apparent  Efficiency  is  calculated  as  the  ratio  of  la  to  10. 

(9)  Slip.  Per  cent  slip  may  be  calculated  as  the  ratio  of  ab  to  lb. 
If  it  is  desired  to  read  the  slip  directly,  draw  the  vertical  line  /o#S0  (Fig. 
412)  and  a  slip  scale  SoS,  parallel  to  I0g.  Select  the  distance  at  which 
the  slip  scale  is  drawn  such  as  to  have  SoS  conveniently  divisible  into 
100  parts.  Or  else,  select  SoS  equal  to  the  synchronous  revolutions 
per  minute  of  the  motor,  to  the  scale  used  for  the  speed  curve  on  the 
curve  sheet.  To  find  the  slip  for  a  point,  such  as  /,  lay  a  straight  edge 
between  the  points  Iq  and  /;  S0s  measures  the  slip,  and  sS  the  actual 
speed  of  the  motor,  either  in  per  cent  of  the  synchronous  speed,  or  in 
actual  revolutions  per  minute. 

(10)  Plotting  Curves.  Select  on  the  circle  several  points  such  as  / 
and  mark  the  corresponding  horse-power  output  as  abscissae  on  the 
curve  sheet  (Fig.  400).  For  each  point,  /,  measure  on  the  diagram: 
power  factor,  true  and  apparent  input,  torque,  efficiency,  slip  and 
speed  as  explained  above,  transferring  the  lengths  directly  to  the  curve 
sheet.  Determine  also  from  the  diagram  the  points  of  maximum  input, 
maximum  output,  maximum  power  factor  and  maximum  efficiency. 
Mark  all  these  points  on  the  curve  sheet  and  then  draw  the  curves. 

550,  Test  Data  for  Predetermination  of  Performance.  —  In 
explaining  the  construction  of  the  circle  diagram,  it  was  stated  that  the 
data,  necessary  for  predetermining  the  performance  curves  of  an  induc- 
tion motor,  are: 

(1)  Ampere  and  watt  input  with  the  motor  running  idle. 

(2)  The  same  with  the  armature  locked. 

(3)  Resistance  of  the  stator  winding. 

It  may  seem  at  first  that  these  tests,  together  with  the  necessity  of 
constructing  a  diagram,  and  other  calculations,  should  take  more  time 
than  an  ordinary  brake  test.  Experience  shows,  however,  that  better 
results  are  obtained  by  the  indirect  method,  even  with  less  experienced 
observers,  than  is  possible  with  a  brake  test.  It  is  easier  to  perform 
a  few  simple  runs  in  succession,  than  one  complicated  test. 

The  tests  for  obtaining  the  above  data  will  now  be  described  in 
detail;  explicit  instructions  for  constructing  the  diagram  are  given  in 
the  preceding  article. 

551.  EXPERIMENT  25-A.  —  Measuring  Resistances  of  Indue 
tion  Motor  Windings.  —  This  experiment,  with  the  two  following,  is 
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intended  to  supply  data,  necessary  for  the  predetermination  of  perform- 
ance of  the  induction  motor  by  means  of  the  circle  diagram  (§549). 
Aside  from  this,  the  resistance  may  be  measured  for  some  other  pur- 
pose, for  instance,  in  connection  with  a  heat  run,  or  as  a  check  on  the 
construction  of  the  motor.  The  resistance  of  the  stator  windings 
of  an  induction  motor  is  usually  measured  by  the  drop-of-potential 
method.  Direct  current  is  applied  between  pairs  of  terminals  of  the 
motor  in  succession,  and  volts  and  amperes  are  read.  Then  the  current 
is  changed  and  the  readings  are  taken  again.  It  is  advisable  to  have  at 
least  six  sets  of  readings  for  each  pair  of  terminals.  Insert  a  thermo- 
meter into  the  winding  so  as  to  know  the  temperature  to  which  the 
calculated  resistance  refers. 

Report.  If  the  motor  is  Y-connected,  a  resistance  measured  between 
two  terminals  corresponds  to  two  phases  in  series,  and  should  be 
divided  by  2  in  order  to  get  the  resistance  of  one  phase.  It  is  customary 
to  first  get  the  averages  of  all  the  readings  between  a  certain  pair  of 
terminals,  and  then  calculate  the  resistance  per  phase  from  these 
averages.  If  only  the  average  resistance  per  phase  is  required,  the 
three  averages  are  added  together  and  the  result  divided  by  6. 

If,  however,  a  fault  in  the  winding  is  suspected,  or  for  any  other 
reason  it  is  desired  to  know  the  resistance  of  each  particular  phase,  the 
problem  is  reduced  to  three  equations  with  three  unknown  quantities: 

*  +  y  =  #i-2, 

X   +   Z   =    -Ri-s, 

y  +  z  =  R2-3; 

from  these  equations  the  individual  phase  resistances  x,  y,  and  z  can 
be  easily  determined. 

It  is  left  to  the  student  to  prove  that  resistances  can  be  determined 
in  the  same  way  when  the  motor  is  A-connected,  so  that  in  performing 
the  test  it  is  not  necessary  to  ascertain  the  character  of  connections  in  the 
motor. 

A  good  way  to  get  an  average  resistance  from  several  readings  of 
volts  and  amperes,  is  to  plot  volts  to  amperes  as  abscissae  and  through 
the  points  thus  obtained  to  draw  a  straight  line  passing  through  the 
origin.  The  trigonometrical  tangent  gives  directly  the  value  of  the 
average  resistance. 

552.  EXPERIMENT  25-B.  -  No-Load  Characteristics  of  an 
Induction  Motor.  —  The  purpose  of  this  test  is  to  determine  watts 
and  amperes  taken  by  the  induction  motor  at  no  load,  the  data  to  be 
uaed  in  the  construction  of  the  circle  diagram,  together  with  the  data 
of  the  preceding  and  the  following  experiments. 
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Wire  up  the  motor  as  for  regular  operation  and  have  resistances  or 
transformers  with  taps  provided  in  the  primary  circuit,  in  order  to  vary 
the  voltage  at  the  motor  terminals  (Fig.  398).  Have  a  voltmeter,  an 
ammeter,  and  a  wattmeter  connected  in  the  primary  circuit  through 
a  polyphase  board  (§49),  in  order  to  be  able  to  use  these  instrument* 
in  all  the  phases  in  succession. 

In  measuring  the  power  input  by  the  two-wattmeter  method  (§  431 ) 
it  must  be  remembered  that  the  power  factor  at  no  load  is  usually 
below  50  per  cent,  so  that  the  difference  of  two  readings  must  be 
taken,  instead  of  their  sum. 

Run  the  motor  for  some  time  to  obtain  steady  conditions  of  friction 
and  lubrication.  Then  raise  the  terminal  voltage  about  50  per  cent 
above  the  rated:  read  volts,  amperes,  watts  and  speed,  the  latter 
merely  as  a  check  on  the  frequency.  Reduce  the  terminal  voltage  in 
steps,  taking  similar  readings.  Go  to  the  lowest  limit  of  the  voltage, 
at  which  the  motor  is  capable  of  running. 

Report.  Plot  no-load  amperes  per  phase  and  total  watts,  to  terminal 
volts  as  abscissae.  Mark  the  values  at  the  rated  voltage,  these  values 
to  be  used  in  constructing  the  circle  diagram.  Explain  the  peculiar 
shape  of  the  curves  at  low  voltages. 

553.  EXPERIMENT  25-C.  —  Short-Circuit  Characteristics  of 
an  Induction  Motor.  — The  purpose  of  this  test  is  to  determine  watts 
and  amperes  taken  by  an  induction  motor  with  the  armature  locked, 
the  data  to  be  used  in  the  construction  of  the  circle  diagram,  together 
with  the  data  of  the  two  preceding  experiments. 

This  test  should  be  performed  very  carefully,  because  the  current 
with  the  armature  locked  is  several  times  larger  than  the  rated  current 
of  the  motor,  especially  in  motors  of  considerable  size.  Here,  as  in 
the  previous  test,  it  is  advisable  to  take  complete  curves  of  amperes 
and  watts,  by  varying  the  applied  voltage.  Begin  with  the  highest 
voltage  that  the  armature  can  stand,  while  the  motor  is  yet  cold,  and 
then  rapidly  take  the  readings,  gradually  reducing  the  voltage.  In 
many  cases  it  is  impossible  to  get  readings  at  the  rated  voltage,  as  the 
winding  heats  up  too  rapidly.*  In  such  cases  the  readings  are  taken 
for  lower  voltages,  and  the  curves  extrapolated  to  the  rated  voltage,  as 
is  explained  below.  This  is  easily  done  because  the  curve  of  amperes 
is  practically  a  straight  line,  and  the  curve  of  watts  is  a  parabola. 

In  measuring  watts  be  sure  to  mark  on  the  data  sheet  whether  the 
two  readings  are  to  be  added  or  subtracted;  in  other  words,  whether 

*  Should  the  windings  get  very  hot ,  run  the  motor  for  a  time  at  no  load,  to 
cool  them  off  by  the  draft  of  air  produced. 
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the  power  factor  is  above  or  below  50  per  cent  (§  432).  An  easy  way  to 
determine  this  is  to  let  the  motor  run  at  no  load  and  to  connect  the 
wattmeter  so  that  the  two  readings  are  positive.  If  they  remain  posi- 
tive with  the  armature  locked,  the  power  factor  remained  below  50  per 
cent.  If  it  becomes  necessary  to  reverse  the  connections  in  one  of  the 
phases,  the  power  factor  is  above  50  per  cent. 

Report.  Plot  amperes  per  phase  and  total  watts,  to  terminal  volts 
as  abscissae.  Mark  the  values  corresponding  to  the  rated  voltage, 
these  values  to  be  used  in  constructing  the  circle  diagram. 

If  it  is  impossible  to  get  readings  at  the  rated  voltage,  the  curves 
must  be  extrapolated.  The  curve  of  the  current  is  theoretically  a 
straight  line  passing  through  the  origin:  in  practice,  it  often  has  a 
small  curvature  near  the  origin,  probably  due  to  a  peculiar  condition 
in  iron  with  very  low  saturation.  These  lower  points  should  be  left 
out  of  consideration  and  a  straight  line  drawn  through  the  other  points; 
this  line  may  not  pass  through  the  origin. 

The  curve  of  watts  is  theoretically  a  parabola: 

Watts  -  CE2, 

where  C  is  a  constant.  The  easiest  way  to  extrapolate  this  parabola 
is  to  figure  out  the  working  component  of  the  current,  since  this  com- 
ponent is  proportional  to  the  voltage: 

Watts 
power  component  =  — —  =  CE. 
E 

Plot  this  power  component  to  volts  as  abscissae;  it  will  give  an 
approximately  straight  line.  Produce  this  line  up  to  the  rated  voltage; 
the  ordinates  of  this  straight  line,  multiplied  by  the  corresponding 
voltages,  give  the  ordinates  of  the  watt-curve. 

554.  First  Proof  of  the  Circle  Diagram.  —  No  proof  was  given 
in  §  543  above  for  the  statement  that  the  locus  of  the  primary  current 
in  an  induction  motor  is  a  semicircle.  Two  proofs  will  be  given  now, 
one  based  on  reducing  the  induction  motor  to  an  equivalent  stationary 
transformer,  the  other  on  an  analysis  of  magnetic  fluxes  in  the  motor.* 

Instead  of  considering  the  rotor  revolving  and  delivering  mechanical 
power,  it  may  be  assumed  as  locked  and  loaded  electrically  on  non-induc- 
tive external  resistances.  The  same  currents  can  be  produced  in  the 
primary  windings,  by  suitably  varying  the  resistances,  as  if  the  rotor 
were  revolving  and  were  loaded  mechanically. 

*  The  author's  experience  is  that  either  the  first  or  the  second  proof  appeals 
more  to  the  reader,  depending  upon  differences  of  temperament,  and  of  preparation. 
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By  stopping  the  motor,  the  secondary  induced  e.m.f.  is  increased 
ni  4-  (n\  —  n2)  times,  where  nx  is  the  synchronous  speed  of  the  motor, 
and  n2  is  its  actual  speed:  The  revolving  flux  cuts  the  secondary  con- 
ductors at  a  rate  proportional  to  (ni  —  n2)  when  the  rotor  is  revolving; 
with  the  armature  locked  the  speed  at  which  the  conductors  are  cut 
by  the  flux  is  equal  to  n\.  The  frequency  of  the  secondary  currents 
being  thus  greatly  increased,  the  reactance  of  the  secondary  is  thereby 
also  increased  the  same  number  of  times.  By  adding  such  an  external 
resistance  that  the  rotor  resistance  is  increased  nx  -*-  (nx  —  n2)  times, 
the  same  current  and  the  same  electrical  relations  are  obtained  in  the 
secondary,  as  with  the  rotor  revolving;  consequently,  the  primary  cur- 
rent will  have  the  same  value  and  the  same  power  factor.     Varying 


Fig.  413.    First  proof  of  the  circle  diagram:  the  induction  motor  is  reduced 
to  an  equivalent  transformer. 

the  external  resistance  is  equivalent  to  varying  a  brake  load  with  the 
armature  revolving.  In  this  way  the  induction  motor  is  reduced  to  a 
stationary  transformer,  with  an  abnormal  leakage  and  with  a  second- 
ary load  of  non-inductive  resistances,  varying  in  value  from  zero  to 
infinity. 

Such  a  transformer  can  be  replaced  by  an  equivalent  resistance  and 
an  equivalent  reactance  (see  §  408),  and  the  problem  is  reduced  to 
merely  this:  A  non-inductive  load  is  connected  to  a  constant-potential 
line,  with  some  resistance  and  some  inductance  in  series  with  it  (Fig.  240). 
The  locus  of  the  current  vector  when  the  load  changes  from  zero  to  infinity 
is  to  be  determined.  This  problem  is  solved  in  Fig.  413.  CD  represents 
the  vector  of  the  line  voltage,  which  is  constant;  CI  is  the  current  a* 
a  certain  load.  CF,  in  phase  with  the  current,  represents  the  resist- 
ance drop;  FD,  perpendicular  to  the  current  vector,  represents  the 
reactive  drop.  CD,  the  geometrical  sum  of  CF  and  FD,  is  constant; 
as  the  latter  two  vectors  are  perpendicular  to  each  other,  the  point  F 
moves  on  the  semicircle  having  CD  for  its  diameter.    The  equivalent 
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reactance  being  constant  under  all  conditions  of  load,  the  vector  FD 
is  proportional  to  the  current,  and  represents  it  to  a  certain  scale. 
Thus,  it  will  be  seen  that  when  the  load  varies,,  the  extremity  of  the 
vector  of  the  current  moves  on  a  semicircle.  This  semicircle,  CIK, 
has  its  diameter  perpendicular  to  CD,  because  FD  is  perpendicular  to 
the  true  position  of  the  current  vector. 

The  above  proof  applies  to  the  induction  motor,  since  it  has  been 
demonstrated  before  that  the  circuits  in  the  two  cases  are  electrically 
equivalent.  The  only  difference  is  that,  in  addition  to  the  load  current 
CI,  the  induction  motor  takes  a  magnetizing  current  Om  and  a  small 


Second  proof  of  the  circle  diagram :  relation  between  the  primary 
and  the  secondary  flaxes. 


power  component  mC  for  overcoming  iron  loss  and  friction.  This 
brings  the  total  primary  current  to  the  value  01,  and  the  diagrams, 
shown  in  Figs.  411  and  413,  become  identical. 

555.  Second  Proof  of  the  Circle  Diagram.  —  The  above  given 
proof,  while  correct  in  its  reasoning,  does  not  consider  the  pheno- 
mena in  the  induction  motor  in  their  particular  physical  aspect,  but 
reduces  the  problem  to  a  combination  of  fictitious  resistances  and 
reactances.  The  following  proof  is  based  directly  on  a  consideration 
of  the  magnetic  fluxes,  currents  and  voltages  in  the  motor. 

Let  OE,  Fig.  414,  represent  the  applied  e.m.f.  at  the  terminals  of  the 
motor,  and  0AX  the  vector  of  the  primary  current  in  one  of  the  phases. 
This  current  may  be  considered  to  represent,  to  a  certain  scale,  the 
primary  ampere-turns,  or  the  stator  magnetomotive  force.  Let  OA  2 
represent  the  secondary  magnetomotive  force,  or  the  secondary  current 


584  INDUCTION  MOTORS  — SPECIAL  STUDY.  [Chap.  25 

reduced  to  the  primary  circuit.  The  actual  magnetic  fluxes  in  the  primary 
iron,  in  the  air-gap,  and  in  the  secondary  iron  are  produced  by  these 
two  magnetomotive  forces.  Only  a  part  OBx  of  the  primary  magneto- 
motive force  is  effective  in  producing  the  flux  in  the  secondary  iron,  be- 
cause of  the  primary  leakage.  The  resultant  magnetomotive  force  in  the 
secondary,  OF2,  is  the  geometrical  sum  of  OA2  and  OBv  0F2  may 
be  also  considered  to  a  certain  scale  as  the  secondary  magnetic  flux. 

Similarly  the  primary  magnetic  flux  0Ft  is  produced  by  the  total 
primary  magnetomotive  force  0Al  and  the  part  0B2  of  the  secondary 
magnetomotive  force;  the  rest  B2A2  being  lost  as  the  secondary  leakage. 

The  primary  flux  OFi  is  perpendicular  to  the  vector  of  the  voltage 
OE  (neglecting  small  ohmic  drop  in  the  primary  winding).  The 
secondary  current  OA 2  is  in  phase  with  the  secondary  induced  e.m.f., 
and  is,  therefore,  perpendicular  to  the  secondary  flux  0F2,  which  pro- 
duces this  e.m.f.  The  applied  voltage  OE  being  constant,  the  primary 
flux  0FX  is  also  constant  under  all  conditions  of  load.  The  segment 
On  is  also  constant,  being  a  definite  part  of  0FV  This  is  because  the 
triangles  OAlFl  and  OBxn  are  similar,  and  the  leakage  ratio,  BlAl 
to  OA  lf  remains  constant  under  all  conditions  of  load. 

Thus  we  have  two  conditions:  (1)  0F2  is  perpendicular  to  0A2,  or, 
which  is  equivalent,  perpendicular  to  F2BV  (2)  On  is  constant  under 
all  conditions  of  load.  From  these  two  conditions  follows  directly  that, 
when  the  load  varies,  the  point  F2  moves  on  the  semicircle  having  On 
for  its  diameter. 

It  can  be  shown  that  the  point  Ax  also  moves  on  the  semicircle.. 
The  secondary  current  OA2  is  not  only  perpendicular  to  OF2,  but  is 
also  proportional  to  its  value,  because  the  flux  0F2  induces  the  second- 
ary e.m.f.  The  segment  FlAl  is  parallel  and  proportional  to  0A2  and 
consequently  is  perpendicular  and  proportional  to  0F2.  Therefore, 
when  0F2  describes  a  semicircle,  FlAi  also  describes  a  similar  semi- 
circle; in  other  words,  the  point  Ax  moves  on  the  semicircle  FlAtK. 

But  Ax  is  the  extremity  of  the  vector  of  the  primary  current  0AV 
and  we  thus  arrive  at  the  proof,  that  the  locus  of  the  extremity  of  the 
current  vector  is  a  semicircle.  To  make  the  diagram  Fig.  414  identical 
with  that  in  Fig.  411,  the  origin  0  must  be  shifted  down  to  the  line  mx, 
in  order  to  account  for  iron  loss  and  friction  proportional  to  wiZ0. 

556.  Predetermination  of  Performance  of  Single-Phase  Induc- 
tion Motors.  —  Theory  and  experiment  show  that  the  locus  of  the 
primary  current  for  the  single-phase  induction  motor  is  a  semicircle,  as 
for  the  polyphase  induction  motor,  so  that  the  predetermination  of  its 
performance  by  means  of  a  circle  diagram  is  possible.  However,  the 
relations  in  the  diagram  are  somewhat  different   from  those  deduced 
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above,  and  the  scope  of  use  of  single-phase  motors  does  not  warrant 
a  detailed  description  of  the  corresponding  diagram  here.  Moreover, 
single-phase  induction  motors  are  built  in  small  sizes  only,  and  there 
is  no  difficulty  in  obtaining  the  performance  characteristics,  either  from 
a  direct  brake  test,  or  from  the  losses. 

Those  interested  in  performance  diagrams  of  single-phase  induction 
motors  should  consult  Dr.  McAllister's  Alternating-Current  Motors  and 
B.  A.  Behrend's  Induction  Motors. 

2.     STUDY  OF   THE   REVOLVING   MAGNETIC  FIELD. 

557.  It  has  been  the  experience  of  the  writer,  that  the  average  elec- 
trical engineer  has  a  rather  indefinite  idea  concerning  the  rotating 
magnetic  field,  as  a  physical  phenomenon.  This  lack  of  knowledge  in 
turn  makes  difficult  an  understanding  of  the  theory  and  design  of  alter- 
nating-current machinery:  the  mathematical  relations  found  in  books 
often  seem  arbitrary  and  not  sufficiently  real;  nor  does  the  engineer 
see  his  way  clear  for  original  research  in  this  branch  of  electrical  engi- 
neering. It  is  with  the  view  of  giving  a  clearer  experimental  foundation 
for  the  knowledge  of  the  revolving  magnetic  field  that  the  following 
experiments  are  arranged.  They  are  not  regular  commercial  tests,  but 
rather  experimental  demonstrations  of  the  validity  of  the  assumptions, 
made  in  practice,  in  regard  to  revolving  magnetic  flux. 

558.  Component  Fluxes  and  Resultant  Flux.  —  An  elementary 
explanation  is  given  in  §  520  of  how  a  revolving  magnetic  field  is  pro- 
duced by  a  combination  of  two  or  more  pulsating  fluxes  displaced  in 
phase  both  geometrically  and  electrically.  We  shall  now  give  the 
numerical  relations  between  the  values  of  the  component  fluxes  and 
the  intensity  of  the  resultant  flux,  produced  by  three-phase  currents. 

Suppose  the  maximum  magnetic  density  produced  in  the  air-gap  by 
the  current  in  one  phase  to  be  B  (Fig.  415);  the  density  at  a  certain 
point,  having  the  abscissa  x,  and  at  a  time  t  is  then 

B  Sin  mt  Cos  x, 

assuming  the  flux  to  be  distributed  in  space  according  to  the  sine  wave, 
and  also  varying  with  the  time  according  to  the  same  law.  The  density 
produced  at  the  same  point  and  at  the  same  time  by  the  second  phase 
is 

B  Sin  (mt  -  y)  Cos  (if  ~  x)> 
and  that  produced  by  the  third  phase : 


B  S'mfmt  +  y)Cos(y  +  *)' 
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Adding  these  three  expressions,  in  order  to  get  the  resultant  flux 
density,  when  all  three  currents  are  acting  simultaneously,  we  get,  after 
suitable  mathematical  transformations: 

1.5  B  Sin  {mi  -  x). 

This  result  being  interpreted  means  that  the  maximum  density, 
produced  by  the  three  phases,  is  only  50  per  cent  higher  than  that  pro- 
duced by  each  phase  separately.  Moreover,  it  means  that  this  result- 
ant maximum  density  travels  along  the  air-gap  at  the  angular  velocity 
m,  being  distributed  in  space  at  any  moment  according  to  the  sine  law. 
The  practical  importance  of  this  result  is  that  in  figuring  out  the  mag- 
netic flux  of  an  induction  motor  with  a  given  excitation,  or  vice  versa, 
the  calculations  may  be  reduced  to  one  phase  by  the  above  factor  1.5. 


Fig.  415.    Magnetic  fluxes  produced  by  three  phases  in  the  air-gap  of  an 
induction  motor. 

The  factor  1.5  is  correct  only  with  sine-wave  distribution  of  currents 
and  fluxes.  Factors  differing  from  1.5  are  sometimes  used  in  designing 
induction  motors,  and  it  is  claimed  that  they  represent  more  closely 
the  actual  form  of  the  field,  as  influenced  by  the  distribution  of  the 
winding.  It  has  been  shown  experimentally,  however,  that  the  actual 
revolving  flux  follows  quite  closely  the  sine-wave  law,  with  practically 
any  distribution  of  windings.  The  reason  probably  is  that  higher  har- 
monics are  suppressed  by  the  damping  effect  of  the  secondary  winding. 

559.  EXPERIMENT  25-D.  —  Study  of  the  Revolving  Mag- 
netic Field  Produced  by  Alternating  Currents.  —  The  purpose  of  the 
experiment  is  to  observe  the  relations  explained  in  the  preceding  article. 
In  order  to  simplify  the  measurements,  the  rotor  should  be  taken  out 
and  a  plain  laminated  iron  core  put  in  its  place:  the  same  offers  a  closed 
path  to  the  lines  of  force,  without  influencing  the  field  by  induced 
secondary  currents.  If  such  a  core  is  not  available,  the  regular  squirrel- 
cage  rotor  can  be  used,  with  one  of  the  end-rings  removed,  so  as  to 
have  the  secondary  circuit  open.  If  the  motor  has  a  phase-wound 
secondary,  the  circuit  is  simply  opened  at  the  slip  rings.  In  all  cases 
the  rotor  is  kept  stationary  during  the  experiment. 
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An  exploring  coil  of  a  width  corresponding  to  the  pole  pitch  is  placed 
on  the  secondary,  and  is  connected  to  a  suitable  alternating-current 
voltmeter.  Single-phase  or  polyphase  currents  are  sent  through  the 
primary  winding  of  the  motor,  and  the  magnetic  flux  in  the  air-gap  is 
studied  by  measuring  the  voltage  induced  in  the  exploring  coil. 

(1)  Excite  one  phase  of  the  stator,  between  a  terminal  and  the  neu- 
tral point,  by  a  single-phase  alternating  current,  and  investigate  the 
magnetic  field  thus  produced,  by  changing  the  position  of  the  rotor, 
step  by  step,  and  measuring  the  induced  secondary  volts.  It  will  be 
found,  that  the  induced  voltage  is  a  maximum,  when  the  secondary 
coil  is  held  opposite  one  of  the  primary  coils,  and  is  zero  in  the  position 
between  two  stator  coils.  It  varies  gradually  in  intermediate  positions, 
as  it  should  with  the  distribution  of  the  flux,  shown  in  Figs.  415  and 
393-394. 

(2)  Repeat  the  same  experiment  with  two  phases  in  series  (a  double 
number  of  slots  per  pole). 

(3)  Change  the  connections  between  the  coils  so  as  to  get  half  the 
number  of  poles,  and  again  investigate  the  field. 

(4)  Now  excite  all  three  phases  by  three-phase  currents,  so  as  to 
produce  a  revolving  magnetic  field.  It  will  be  found,  that  the  voltage 
induced  in  the  exploring  coil  is  practically  constant  in  all  positions. 
The  explanation  of  this  is,  that  the  same  field,  traveling  along  the  air- 
gap,  will  always  cut  the  exploring  coil,  wherever  it  is  placed.  It  will 
also  be  found  that  the  induced  voltage  is  not  three  times  larger  than 
that  induced  by  one  phase,  but  only  about  50  per  cent  larger.  This 
is  due  to  the  maxima  of  the  magnetizing  current  in  the  three  phases 
not  occurring  simultaneously,  as  is  shown  in  the  preceding  article. 

(5)  In  order  to  see  more  clearly  that  a  revolving  magnetic  flux  is 
actually  produced,  the  central  core  is  taken  out,  and  a  light  pivoted 
piece  of  soft  iron  put  in  its  place.  It  will  be  found,  that  this  piece  of 
iron  will  tend  to  revolve,  attracted  by  the  flux.  Instead  of  soft  iron, 
a  copper  or  aluminum  cylinder  can  be  used;  eddy  currents  induced  in 
it  by  the  revolving  flux  will  be  sufficient  to  set  it  in  rotation.  Reversing 
two  primary  leads  reverses  the  direction  of  rotation  of  the  magnetic 
field,  and  consequently  that  of  the  armature.  In  performing  this  last 
Experiment  the  student  must  be  careful  not  to  overload  the  primary 
winding:  the  motor  takes  much  more  current  when  the  central  iron 
core  is  taken  out. 

Report.  Plot  curves  showing  the  form  of  the  single-phase  field  with 
one  phase  excited,  and  with  two  phases  in  series.  Explain  the  differ- 
ence in  its  shape  and  magnitude  by  constructing  the  theoretical  form 
of  the  field.     Give  the  ratio  obtained  between  the  values  of  single- 
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phase  field  and  three-phase  field;  if  it  should  be  much  different  from 
the  theoretical  ratio  1.5,  explain  the  cause. 

560.  The  Determination  of  the  Instantaneous  Values  of  a 
Revolving  Flux.  —  The  preceding  experiment  gives  only  general 
information  concerning  the  revolving  field.  If  a  more  detailed  inves- 
tigation is  desired,  it  becomes  necessary  to  "stop  "  the  alternating 
currents  at  a  certain  instant,  or  fix  them  at  certain  instantaneous 
values,  until  the  form  of  the  field  is  investigated  by  means  of  an  explor- 
ing coil.  Then  another  set  of  instantaneous  values  may  be  taken,  the 
corresponding  field  explored,  etc.  This  is  conveniently  done  by  means 
of  a  direct  current,  instead  of  alternating:  the  values  of  the  currents 
-+•  in   the  three  stator  windings  are 

adjusted  to  correspond  to  some 
three  instantaneous  values  of  a 
three-phase  combination.  The 
flux  will  be  the  same,  as  is 
produced  instantaneously  by  the 
alternating  currents,  with  an 
advantage- that  it  can  be  kept  at 
this  value  indefinitely,  until  the 
distribution  of  the  magnetic  field 
has  been  properly  investigated. 

The  exploring  coil  must  be  made 
very  narrow  so  as  to  measure  the 
field  at  a  given  point  only;  the  coil 
is  connected  to  a  ballistic  galvano- 
meter, or  a  fluxmeter,  instead  of 
to  a  voltmeter  (see  §§139  and  140).  The  field  is  measured  by  placing 
the  coil  in  a  desired  place  in  the  air-gap,  and  then  suddenly  pulling  it 
out.  Instead  of  the  coil  being  pulled  out  of  the  field,  the  main  circuit 
can  be  opened,  with  the  same  effect  on  the  galvanometer;  the  deflec- 
tion is,  in  both  cases,  proportional  to  the  flux.  If  the  constant  of  the 
galvanometer  is  known,  not  only  the  relative  distribution  of  the  flux, 
but  its  absolute  value  can  also  be  determined. 

In  order  to  more  easily  obtain  any  three  values  of  direct  current, 
corresponding  to  some  instantaneous  values  of  three-phase  current*, 
a  special  liquid  rheostat  may  be  used,  shown  in  Figs.  416  and  417.  It 
consists  of  three  glass  jars  A,  B,  C,  such  as  are  used  for  storage  batteries, 
one  for  each  phase.  Each  jar  has  two  iron  or  nickel  electrodes  M,  A\ 
mounted  on  a  shaft  and  insulated  from  each  other.  One  electrode  or 
blade  is  connected  to  the  positive,  the  other  to  the  negative  pole  of  a 
three-wire  direct-current  supply.     The  liquid  itself  is  connected  to  the 


Fig.  416.  A  device  for  producing  sinu- 
soidal currents  from  a  direct-current 
three- wire  supply. 
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neutral  wire  of  the  supply,  through  the  winding  in  which  it  is  desired 
to  regulate  the  current.  According  to  whether  the  positive  or  the 
negative  blade  dips  into  the  liquid,  the  current  flows  through  the  wind- 
ing in  one  or  the  other  direction.  The  strength  of  the  current  depends 
on  the  amount  of  immersed  surface  of  the  blade;  by  giving  the  blades 
a  suitable  shape,  a  current  is  produced,  varying  nearly  as  a  sine  wave, 
when  the  handle  is  uniformly  rotated.  Three  such  rheostats  are  com- 
bined, as  shown  in  Fig.  417,  with  the  three  pairs  of  blades  set  at  120 
degrees  apart:  Regular  low-frequency  three-phase  currents  are  thereby 
produced  in  the  stator  winding.  The  apparatus  can  be  stopped  in  any 
desired  position  for  studying  an  instantaneous  value  and  distribution  of 
the  field. 


Fio.  417.    Three-phase  rheostat  for  a  study  of  the  revolving  field 
in  an  induction  motor. 


If  such  a  special  rheostat  is  not  available,  three  ordinary  wire  rheo- 
stats can  be  used,  and  the  current  in  each  phase  adjusted  separately.  A 
table  may  be  made,  giving  the  instantaneous  values  of  three  sinusoidal 
currents,  say,  every  10  or  15  degrees. 

561.  EXPERIMENT  25-E.  —Exploring  Induction-Motor  Field 
with  Direct  Current.  —  The  purpose  of  the  experiment  is  to  obtain 
the  actual  form  of  the  magnetic  field  in  the  air-gap  of  an  induction 
motor.  In  order  to  observe  the  instantaneous  values  of  the  field,  the 
stator  is  excited  with  direct  current,  and  the  intensity  of  the  field  is 
measured  with  a  ballistic  galvanometer  or  a  fluxmeter,  as  explained  in 
§  560.  First  explore  the  field  with  but  one  phase  excited;  then  connect 
two  phases  in  series,  so  as  to  have  a  different  disposition  of  the  single- 
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phase  winding.  Use  a  narrow  exploring  coil  connected  to  a  ballistic 
galvanometer,  and,  keeping  the  current  constant,  move  the  coil 
through  360  electrical  degrees,  taking  discharges  through  the  galvano- 
meter every  5  or  10  degrees,  by  opening  the  circuit.  Take  an  extra 
curve  with  a  large  exciting  current,  in  order  to  see  if  a  high  degree  of 
saturation  in  iron  appreciably  changes  the  field  curve.  Galvanometer 
deflections,  plotted  to  the  angular  positions  of  the  exploring  coil  as 
abscissae,  give  a  curve  of  the  relative  distribution  of  the  magnetic  flux 
in  the  air-gap. 

After  this,  investigate  the  field  with  all  the  three  phases  excited 
through  the  above-described  liquid  rheostat.  Take  the  first  curve  with 
such  a  position  of  the  blades  that  the  current  in  one  of  the  phases  is  a 
maximum.  Then  gradually  change  the  position  of  the  blades  by  steps 
of  10  or  20  degrees  until  a  position  is  reached  in  which  the  current  is 
a  maximum  in  another  phase.  Take  a  galvanometer  reading  with 
each  position  of  the  blades  and  read  the  corresponding  currents  in  the 
three  phases.  The  results  plotted  in  the  form -of  curves  give  a  clear 
view  of  the  field  traveling  along  the  air-gap. 

An  oscillograph,  or  the  point-to-point  method  (see  Chapter  XXVII) 
may  be  used  in  this  study,  in  place  of  the  tedious  process  of  exploring 
the  field  by  a  ballistic  galvanometer.  The  particular  arrangement  can  be 
easily  devised  by  a  person  familiar  with  the  use  of  wave-tracing  devices. 

Report  Give  a  sketch  of  the  arrangement  of  the  winding  in  the 
slots;  plot  curves  of  the  single-phase  field  with  one  phase,  and  with 
two  phases  excited  in  series.  Check  the  form  of  the  field  from  the 
number  of  slots  per  phase  and  the  disposition  of  the  winding.  Give 
curves  showing  actual  currents  in  the  three  phases,  to  the  angular 
positions  of  the  blades  as  abscissae.  Plot  curves  showing  the  pro- 
gression of  the  three-phase  field  in  the  air-gap.  See  if  the  form  of  the 
three-phase  field  can  be  predetermined  from  the  shape  of  the  single- 
phase  field. 

562.  Magnetic  Field  in  the  Single-Phase  Induction  Motor.— When 
a  single-phase  induction  motor  (§  534)  is  stationary,  but  is  connected  to 
the  line,  its  field  is  merely  pulsating,  as  in  a  transformer.  When  the 
motor  is  revolving,  two  kinds  of  secondary  currents  are  induced  in 
the  rotor:  (1)  by  the  "transformer  "  action  of  the  pulsating  primary 
field,  and  (2)  because  of  the  secondary  conductors  cutting  the  lines  of 
force  of  the  primary  field  (generator  action).  These  latter  currents 
produce  a  field  displaced  by  90  electrical  degrees  in  space  from  the 
primary  field,  and  also  displaced  by  90  degrees  in  phase  relation.  The 
" generator  action"  currents,  and  consequently  the  "perpendicular" 
field,  are  proportional  to  the  speed  of  the  motor.    This  field  is  of  aero 
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value  at  standstill,  and  gradually  increases  to  a  value  nearly  equal  to 
that  of  the  primary  field,  as  the  motor  gains  in  speed. 

The  result  is  that  the  single-phase  induction  motor  has  a  nearly 
uniform  revolving  field  at  synchronous  speed,  while  the  field  is  only 
a  pulsating  one  at  standstill.  At  intermediate  speeds  an  irregular 
elliptical  field  is  produced. 

The  existence  of  the  perpendicular  field,  produced  by  the  armature 
currents,  and  its  variation  with  the  speed,  are  important  features  in 
the  theory  of  the  single-phase  induction  motor;  it  is  therefore  interest- 
ing to  explore  this  field  experimentally.  When  the  motor  has  an 
auxiliary  phase,  as  in  Fig.  407,  or  when  a  two-phase  or  a  three-phase 
motor  is  used  running  single-phase  (Fig.  408),  the  investigation  is  made 
by  measuring  the  e.m.f.,  induced  in  the  idle  phase,  as  is  explained  below. 

563.  EXPERIMENT  25-F.  —  Exploring  the  Field  of  a  Single- 
Phase  Induction  Motor.  — The  purpose  of  the  experiment  is  explained 
in  the  preceding  paragraph.  The  main  phase  of  the  motor  is  connected 
to  the  line  —  if  necessary,  through  a  suitable  resistance,  or  an  auto- 
transformer,  to  reduce  the  voltage.  The  rotor  is  driven  by  some 
outside  power,  in  order  to  maintain  a  desired  speed.  An  alternating- 
current  voltmeter  is  connected  across  the  auxiliary  phase:  its  indica- 
tions are  proportional  to  the  "perpendicular"  field. 

It  will  be  found  that  the  voltage  induced  in  the  auxiliary  phase 
gradually  increases  from  zero,  practically  to  that  across  the  main  phase, 
as  the  speed  increases  from  zero  to  synchronism.  This,  of  course, 
presupposes,  that  both  windings  have  the  same  number  of  turns; 
otherwise  the  voltages  must  be  reduced  to  an  equal  number  of  turns. 

Measure  volts,  amperes,  speed  and  power  factor  in  the  main  phase. 
In  order  to  determine  the  phase  angle  between  the  primary  and  the 
secondary  flux,  connect  the  main  phase  at  one  point  to  the  auxiliary 
phase:  Read  the  volts  across  each  phase  separately  and  then  across  the 
two  phases  in  series,  so  as  to  get  a  triangle  of  voltages.  With  the 
arrangement  shown  in  Fig.  408  the  auxiliary  phase  is  already  con- 
nected at  O  to  the  main  phase,  so  that  the  phase  relations  may  be 
determined  without  any  additional  connection. 

Report.  Plot  all  observed  values  to  speed  as  abscissae.  Construct  a 
triangle  of  voltages  for  some  speed  near  synchronism;  from  the  power 
factor  in  the  main  phase  determine  the  actual  phase  angle  between 
the  primary  and  secondary  field;  this  angle  must  be  nearly  90  degrees. 
In  drawing  conclusions  take  into  consideration  the  difference  in  the 
number  of  turns  primary  and  secondary,  and  the  distribution  of  the 
winding  in  the  slots  (breadth  factor). 


CHAPTER    XXVI. 

ARMATURE   WINDINGS. 

564.  It  has  been  customary  heretofore  to  study  armature  windings 
by  means  of  diagrams  and  sketches;  it  is  much  more  profitable,  how- 
ever, to  study  them  on  models,  by  actually  putting  dummy  coils  in 
slots.  This  chapter  is  devoted  to  such  a  study,  the  exercises  in  winding 
being  supposed  to  be  performed  in  the  laboratory. 

The  alternating-current  windings,  being  simpler  than  the  direct- 
current  windings,  are  taken  up  first. 

1.     ALTERNATING-CURRENT    WINDINGS.* 

565.  The  simplest  single-phase  armature  winding  is  shown  in  Fig. 
357;  it  consists  of  conductors  1,  2,  3,  etc.,  placed  in  the  slots  of  a  lam- 
inated-iron armature  core  (not  shown)  and  connected  in  series  by  the 
end  connectors  C,  C.    The  distance  between  the  conductors  is  equal 
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Fig.  418.    A  single-phase  winding  with  one  slot  per  pole. 

to  that  between  the  centers  of  the  consecutive  poles  N,  S,  N,S,  —  of 
the  machine,  so  that  the  conductors  are  subjected  simultaneously  to 
the  action  of  the  magnetic  flux,  and  the  e.m.f. 's  induced  in  all  of  them 
are  added  together. 

In  the  relative  position  of  the  armature  winding  and  the  poles,  shown 
in  Fig.  357,  the  induced  e.m.f.  is  a  maximum,  since  the  conductors  are 
in  the  densest  part  of  the  magnetic  field.  In  the  position  shown  in  Fig. 
358  the  total  induced  e.m.f.  is  zero,  because  the  conductors  do  not  cut 
any  lines  of  force;  this  position  differs  by  90  electrical  t  degrees  from  that 
in  Fig.  357.  In  a  position,  differing  by  180  electrical  degrees  from  that  in 
Fig.  357,  the  conductor  arrives  at  the  center  line  of  the  pole  S,  and  the 
induced  e.m.f.  becomes  a  maximum  in  the  opposite  direction  (one  alteraa- 

*  For  a  more  comprehensive  treatment  see  Kinsbrunner's  AUernatinj-CurrenL 
Windings. 

t  In  a  two-pole  machine  this  corresponds  also  to  90  geometrical  degrees. 
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tion).    When  the  next  iV-pole  is  reached,  a  complete  cycle  of  alternating 
current  has  been  accomplished. 

The  same  winding  is  shown  in  Fig.  418:  the  small  circles  represent 
the  conductors  in  the  armature  slots,  and  the  lines  between  them  the 
end  connections.  In  many  machines  more  than  one  slot  is  used  per 
pole;  with  two  slots  per  pole,  the  winding  has  the  aspect  shown  in  Fig. 
419.  or  in  Fig.  420.     Both  schemes  are  electrically  equivalent. 


^L 


n      &j> 


^  Aj> 


Fig.  419.    A  single  phase  winding  with  two  slots  per  pole. 
6  6  66  66  66  6  5* 


Fio.  420.    Another  arrangement  of  free  ends  of  coils  for  the  winding 
shown  in  Fig.  419. 

Polyphase  windings  are  formed  by  providing  the  same  armature 
core  with  two  or  three  independent  single-phase  windings  in  the  right 
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Fio.  421.    A  two-phase  winding. 
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Fio.  422.    A  three-phase  winding. 
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Fio.  428.    Overlapping  of  free  ends  of  coils  in  a  three-phase  winding. 

positions  relative  to  one  another.     A  two-phase  winding  is  shown  in 
Fig.  421:  It  consists  of  two  windings  identical  with  those  in  Fig.  418, 
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Fig.  424.  The 
shape  of  end 
connectors. 


and  displaced  by  90  electrical  degrees.  When  the  e.m.f.  in  one  of  the 
windings  reaches  its  maximum,  the  e.m.f.  in  the  other  winding  is  zero, 
and  vice  versa.  Fig.  422  represents  a  three-phase  winding;  it  consists 
of  three  single-phase  windings  displaced  by  120  electrical  degrees  with 
respect  to  one  another.  The  separate  phases  are  marked  by  1,  2,  and 
3.    The  same  winding  is  shown  in  Fig.  423. 

Alternating-current  windings  used  in  practice  are  a  development  of 
these  simple  schemes  and  can  be  easily  deduced  therefrom. 

566.  Bar  Winding  and  Coil  Winding. —  Low-tension  alternators 
require  a  comparatively  small  number  of  conductors  of  a  large  cross- 
section;  high-tension  machines  must  have  a-  large 
number  of  conductors  of  a  comparatively  small 
cross-section.  Therefore,  windings  in  low-tension 
machines  are  often  made  of  insulated  copper  bars 
with  soldered  cross-connections  at  the  ends  (Fig. 
424).  In  high-tension  machines  the  number  of 
bars  in  series  becomes  so  large  that  it  is  necessary 
to  use  regular  coils,  consisting  of  many  turns  of  wire  (Fig.  425). 
Coil  windings  and  bar  windings  offer  some  distinctive  features,  and 
will  therefore  be  considered  separately. 
It  must  be  .remembered,  however,  that 
the  distinction  is  merely  of  a  mechanical 
and  geometrical  nature.  From  an  elec- 
trical standpoint,  the  two  types  of  wind- 
ing are  equivalent.  A  certain  number 
of  conductors  must  be  placed  on  the 
armature  and  connected  in  series,  in 
order  to  produce  a  given  e.m.f.;  it  does  not  make  any  difference 
whether  they  are  formed  as  separate  bars  or  bunched  in  coils. 

There  are  two  distinct  types  of  coil  winding:  Chain  winding,  Fig. 
428,  and  double-layer  winding,  Fig.  429.  Both  types  may  be  used 
with  the  machines  having  open  slots;  the  coils  are  machine-wound 
and  are  placed  directly  into  the  slots.  With  half-closed  slots,  chain 
winding  only  is  used ;  the  methods  of  placing  the  winding  into  the  slots 
are  described  in  §  571  below. 

567.  Experimental  Frame.  —  A  stator  frame  (dummy)  should  be 
provided  in  the  laboratory,  for  the  convenient  study  of  alternating- 
current  windings.  Such  a  frame  may  be  made  from  boards  glued 
together  and  turned  true  on  the  inside.  The  teeth  are  formed  sep- 
arately, as  a  molding,  and  nailed  to  the  frame,  leaving  spaces  for  the 
slots.  Grooves  should  be  left  in  the  teeth  for  driving  in  wooden  wedges 
to  hold  the  coils  in  place. 


Fio.  425.  Connections  between 
the  coils  belonging  to  the  same 
phase. 


Chap.  26J 


ARMATURE   WINDINGS. 


595 


Wooden  bars  may  be  used  instead  of  metal  conductors;  cross-con- 
nectors (Fig.  424)  should  be  preferably  made  of  metal  and  fitted  into 
slots  made  at  the  ends  of  the  bars.  For  exercises  in  chain  winding, 
regular  coils  should  be  used,  or  colored  cord,  which  the  student  may 
wind  into  the  slots  of  the  frame.  Coils  for  double-layer  winding,  Fig. 
436,  should  preferably  be  obtained  from  manufacturers. 

It  is  convenient  to  have  a  frame  with  a  number  of  slots  such  as  72 
or  96,  which  is  divisible  by  several  numbers,  so  as  to  be  able  to  use 
various  numbers  of  poles. 

568.  Form  of  Induced  E.M.F.  —  The  wave  form  of  an  induced 
e.m.f.  depends  on  the  number  of  slots  per  pole  per  phase,  and  on 
the  arc  subtended  by  the  pole-pieces.  To  find  the  theoretical  wave 
form   in  a  given  machine,  imagine  the  poles  moving  and  note  the 


Fio.  426.    A  two-phase  bar  winding  with  five  slots  per  pole  per  phase. 


instantaneous  e.m.f. 's  induced  in  a  group  of  coils.  Thus,  in  Fig.  418 
the  e.m.f.  is  zero  so  long  as  a  pole  is  between  two  conductors.  When 
the  edge  of  the  pole  comes  opposite  a  conductor,  the  e.m.f.  suddenly 
reaches  its  maximum  value,  and  remains  constant  until  the  other  edge 
of  the  pole  passes  by  the  conductor.  In  reality,  the  e.m.f  .-curve  is  not 
altogether  flat,  but  has  rounded  corners,  due  to  a  "fringing"  of  the 
magnetic  flux  around  the  poles. 

With  two  slots  per  pole  per  phase  (Fig.  419),  first  one  slot  comes 
under  the  influence  of  the  pole,  and  then  two,  so  that  the  curve  of  the 
induced  e.m.f.  has  an  intermediate  step.  With  three  slots  per  pole 
per  phase  the  induced  e.m.f.  is  practically  a  sine  wave. 

Having  an  actual  alternator,  it  is  possible  to  compare  the  theoretical 
wave  form  with  that  actually  observed,  by  the  methods  described  in 
Chapter  XXVII.  By  connecting  two  phases  of  a  three-phase  machine 
in  series,  and  using  it  as  a  single-phase  machine,  a  winding  is  obtained 
having  a  double  number  of  slots  per  pole  per  phase;  this  is  a  simple 
method  of  investigating  the  influence  of  the  number  of  slots  on  the 
wave  form  of  the  induced  e.m.f. 
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569.  Bar  Winding.  —  A  standard  two-phase  bar  winding  with  five 
conductors  per  phase  per  pole  is  shown  in  Fig.  426;  conductors  belong- 
ing to  one  phase  (No.  1)  are  indicated  by  heavier  lines.  The  five  con- 
ductors under  one  pole  are  placed  in  5  slots;  this  gives  a  good  e.m.f. 
wave-form,  and  considerably  reduces  the  armature  inductance.  By 
following  the  connections,  it  will  be  seen  that  all  the  conductors  of 
the  same  phase  are  connected  in  series,  so  that  the  e.m.f.'s  induced 
in  them  are  added,  and  do  not  counteract  each  other.  It  will  also  be 
seen  that  three  sizes  of  bars  are  necessary  with  this  kind  of  winding: 
Long  bars,  such  as  ah,  for  passing  from  one  coil  to  the  next  one;  short 
bars,  such  as  cd,  for  the  same  purpose;  and  medium  bars,  such  as  fg, 
inside  of  each  coil.  The  cross-connectors  have  the  form  shown  in  Fig. 
435,  so  that  by  having  long  and  short  ends  on  each  side  of  the  core  it 
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Fig.  427.     An  unsyiii metrical  three-phase  winding,  eight  slots  per  pole. 

is  possible  to  make  the  connections  shown  in  Fig.  426,  without  the 
cross-connectors  touching  one  another.  A  similar  type  of  winding 
can  be  used  for  three-phase  machines. 

In  some  cases  it  is  convenient  to  use  a  standard  frame  for  a  special 
machine,  and  it  may  occur  that  the  number  of  slots  is  indivisible  by  the 
number  of  poles,  or  by  the  number  of  phases  required  with  this  special 
machine.  The  frame  can  nevertheless  be  used  by  allowing  a  somewhat 
unsymmetrical  winding.  Suppose,  for  instance,  that  a  manufacturing 
company  is  regularly  using  a  96-slot  frame  for  16-pole  three-phase 
alternators  of  a  certain  size;  this  corresponds  to  6  slots  per  pole,  or  2  slots 
per  pole  per  phase.  Suppose  that  for  some  reason  a  customer  desires 
to  have  a  machine  with  a  somewhat  higher  speed,  say,  such  that  it 
becomes  necessary  to  use  only  12  poles,  instead  of  16,  in  order  to  keep 
the  same  frequency.  This  means  8  slots  per  pole,  a  number  indivisible 
by  the  number  of  phases.  The  problem  is  solved  as  shown  in  Fig.  427. 
Three  bars  are  used  for  two  consecutive  poles,  and  only  two  bars  for 
each  third  pole.  No  trouble  is  experienced  in  operation  with  such  an 
apparently  unsymmetrical  winding. 

Another  alternative  in  such  a  case  is  to  have  the  machine  wound  for 
T'-connection  (Fig.  349).     With  8  slots  per  pole,  the  phase-winding 
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AB  is  placed  in  4  slots  and  the  winding  CD  in  4  slots.  A  part  of  the 
latter  winding  is  left  idle,  a  tap  being  taken  at  86.6  per  cent  of  it. 
This  arrangement  is  particularly  convenient  when  a  machine  must 
generate,  according  to  circumstances,  either  two-phase  or  three-phase 
currents,  for  instance  in  supplying  currents  for  testing  purposes. 

570.  EXPERIMENT  26-A.  —  Exercises  with  Alternating-Cur- 
rent Bar  Windings.  —  An  experimental  frame  should  be  provided  for 
this  exercise,  as  described  in  §  567.  Select  a  number  of  poles  possible 
with  the  number  of  slots  of  the  frame  and  place  a  single-phase  winding, 
using  three  different  lengths  of  bars,  as  in  Fig.  426;  have  them  properly 
cross-connected.  Take  a  few  other  combinations,  possible  with  two- 
phase  and  three-phase  machines,  and  place  a  sufficient  number  of  bars 
in  the  slots,  to  show  clearly  the  disposition  of  cross-connectors.  Finally 
select  a  number  of  poles  such  as  to  get  an  unsymmetrical  winding, 
shown  in  Fig.  427. 

Report  Give  diagrams  of  windings  investigated  during  the  experi- 
ment; make  a  table  of  all  the  combinations  and  numbers  of  poles  possible 
with  a  given  frame.  Show  by  an  example  how  to  determine  the  theo- 
retical wave  form  of  the  induced  e.m.f.  from  the  disposition  of  the 
winding  (§  568).  For  the  wave  form  thus  obtained,  determine  the 
ratios  of  the  effective  value  and  of  the  average- value  to  the  maximum 
ordinate.  Assume  for  the  same  example  a  certain  magnetic  flux  per 
pole,  and  calculate  the  voltage  of  the  machine,  at  a  speed  corresponding 
to  a  standard  frequency.  Take  the  flux  such  as  to  get  in  the  teeth  a 
density  of  about  90,000  magnetic  lines  per  square  inch.  Assume  that 
about  65  per  cent  of  the  periphery  is  covered  by  the  poles,  and  allow  a 
reasonable  amount  for  fringing. 

571.  Chain  Winding.  —  The  chain-winding  consists  of  separate 
coils,  and  is  shown  in  Fig.  354  in  application  to  a  three-phase  machine. 
Fig.  419  shows  a  similar  winding  with  two  slots  per  pole  per  phase; 
one  phase  only  being  indicated. 

The  coils  belonging  to  the  same  phase  are  connected  in  series;  some- 
times the  two  groups  of  coils  are  connected  in  parallel  in  order  to  usa 
the  same  winding  with  two  different  voltages. 

Some  of  the  coils  with  this  type  of  winding  have  straight  heads, 
others  have  their  heads  bent  outward  to  avoid  crossings;  the  idea  is 
clearly  seen  in  Fig.  428.  Each  coil  has  one  head  straight,  the  other 
bent.  In  some  cases  both  heads  of  one  coil  are  straight,  those  of  the 
other  bent,  as  is  explained  below. 

Chain  winding  may  be  used  with  either  open  or  half-closed  slots. 
The  advantages  of  half-closed  slots  are:     (1)  A  lower  flux  density  in 
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the  air-gap,  and  therefore  less  exciting  ampere-turns;  (2)  A  more 
uniform  distribution  of  the  magnetic  flux  in  the  air-gap;  (3)  A  lower 
magnetic  density  in  teeth,  and  therefore  a  smaller  iron  loss.  On  the 
other  hand,  the  winding  with  half-closed  slots  is  much  more  expensive, 
since  it  is  more  difficult  to  wind. 

With  open  slots,  coils  are  wound  on  special  formers,  by  winding 
machines,  some  with  both  heads  bent,  others  with  straight  heads. 
The  coils  with  bent  heads  are  placed  in  the  slots  first,  and  then  the 
coils  with  straight  heads. 
With  half-closed  slots  there  are  three  ways  of  winding: 
(1)  The  coils  are  wound  by  hand  in  the  slots,  using  suitable  molds 
for  the  heads,  and  threading  the  wire  to  and  fro.  First  the  coils  with 
bent  heads  are  wound,  and  then  the  coils  with  straight  heads  over  and 
between  them. 


Fig.  428.    Relative  position  of  colls,  which  are  opened  at  a  before  being  put  into  slots. 

(2)  The  coils  are  machine-wound  and  have  the  form  shown  in  Fig. 
428,  one  head  being  straight,  the  other  bent.  Before  being  put  into 
the  slots  the  coils  are  cut  at  the  places  marked  a,  a,  and  straightened 
out,  as  indicated  by  dotted  lines.  They  are  then  shoved  into  the  slots, 
the  wires  are  bent  back,  soldered  togetKer,  and  carefully  insulated 
turn  by  turn.  This  is  such  an  expensive  and  tedious  process  that 
in  many  cases  it  is  preferred  to  wind  them  in  the  slots  by  hand. 

(3)  The  coils  are  machine- wound,  but  the  wires  are  not  bound  or 
taped  together.  A  coil  is  placed  on  the  machine,  and  each  side  is 
threaded  into  the  corresponding  slots  wire  by  wire.  This  winding  is 
used  in  some  common  types  of  small  induction  motors  (Fig.  396). 

572.  EXPERIMENT  26-B.  —Exercises  with  Alternating-Cur- 
rent Chain  Windings. — An  experimental  frame  should  be  used  in  this 
exercise,  similar  to  the  one  described  in  §  567;  use  form-wound  coils, 
and  cord  of  three  colors  to  distinguish  the  phases.    The  properties  of 
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chain  windings  are  explained  in  the  preceding  article.  Select  a  suitable 
number  of  poles,  place  in  the  slots  a  single-phase  winding,  and  properly 
interconnect  the  coils.  Do  the  same  with  a  two-phase  and  a  three- 
phase  winding,  using  in  each  case  a  different  number  of  poles.  Place 
a  sufficient  number  of  coils,  in  order  to  see  clearly  how  the  heads  are 
interlinked. 

The  requirements  for  the  report  are  similar  to  those  in  §  570. 

573.  Double-Layer  Winding. —The  double-layer  winding  (Fig.  429) 
is  used  with  open  slots  only,  the  coils  being  form-wound.  The  ends 
of  the  coils  have  the  same  form  as  in  direct-current  armatures  (see 
Fig.  436). 


Fio.  429.    Double-layer  winding  of  a  six-pole  three-phase  induction  motor. 


To  make  the  winding  symmetrical,  one  side  of  each  coil  is  placed  in 
the  lower  half  of  the  slot,  the  other  side  in  the  upper  half.  Fig.  429 
represents  the  disposition  of  coils  in  a  six-pole,  three-phase  stator 
with  72  slots  (four  slots  per  pole  per  phase).  Conductors  belonging 
to  different  phases  are  marked  by  different  circles;  the  conductors  in 
one  of  the  phases  are  numbered,  the  two  sides  of  each  coil  being  denoted 
by  the  same  number.  The  three  phases  are  wound  exactly  alike. 
Therefore  the  cross-connections  between  the  groups  of  coils  are  shown 
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in  the  sketch  for  one  phase  only,  those  in  the  two  other  phases  being 
omitted  for  the  sake  of  clearness.    The  four  coils  of  each  group,  such 


Fig.  430.  Interconnection  of  coils  be- 
longing to  the  same  pole  and  phase, 
in  the  winding  shown  in  Fig.  429. 


Fio .  431 .    Series  connection  of  the  groups 
of  coils,  shown  in  Fig.  429. 


as  coils  1,  2,  3,  4,  are  connected  in  series,  as  shown  in  Fig.  430;  then 
the  separate  groups  are  again  con- 
nected in  series,  as  per  Fig.  431. 
In  this  diagram  the  conductors  in 
top  of  the  slots  are  denoted  by  u 
(upper),  those,  in  bottom  by  I 
(lower).  The  dotted  lines  connect 
the  conductors  belonging  to  the 
same  coil;  the  inner  curved  lines 
represent  the  cross-connections 
l>etween  the  groups  of  coils,  just 
as  in  Fig.  429.  By  following  the 
arrows,  which  indicate  the  direc- 
tions of  the  induced  e.m.f.'s,  it  is 
easy  to  see  the  necessity  of  arrang- 
ing the  connections  as  shown  in  Fig. 
431,  in  order  to  have  all  the  con- 
ductors in  series. 

Sometimes  the  same  frame  and  the  same  winding  are  used  for 
220- volt  and  110- volt  motors,  the  coils  being  connected  in  series  for  the 
higher  voltage  (Fig.  431).  and  in  parallel  for  the  lower  voltage 
(Fig.  432). 


Fig.  432.     Parallel  connection  of  ilie 
groups  of  coils,  shown  in  Fig.  42& 
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574.  EXPERIMENT  26-C.  — Exercises  with  Alternating-Cur- 
rent Double-Layer  Windings. — The  properties  of  the  winding  are 
described  in  5  573.  The  directions  for  performing  the  experiment  and 
the  requirements  for  the  report  are  similar  to  those  in  §§  570  and  572. 

2.      DIRECT-CURRENT   WINDINGS.* 

575.  The  simplest  type  of  a  two-pole  armature  is  shown  in  Fig.  433. 
A  number  of  bars  or  coils  are  laid  in  the  slots  on  the  periphery  of 
an  armature  core,  and  are  interconnected  so  as  to  give  a  closed  winding. 
The  conductors  are  also  connected  to  the  commutator  bars,  from  which 
the  current  is  led  to  the  external  circuit.  The  connections  satisfy 
two  conditions: 

(1)  The  winding  constitutes  a  closed  circuit  in  itself; 

(2)  The  elements  are  so  connected  that  the  e.m.f.'s  induced  in 
them  are  added  at  all  moments,  and  do  not  counteract  each  other. 

The  necessity  of  the  second  condition  is  self-evident.  The  first 
requirement  is  made  clear  in  Fig.  434,  namely,  if  the  winding  is  closed 
on  itself,  it  remains  identical,  relatively  to  the  brushes,  in  all  positions 
of  the  armature,  so  that  the  armature  gives  a  direct,  or  continuous 
current.  It  will  also  be  seen,  that  the  armature  is  divided  by  the 
brushes  into  two  parallel  branches,  each  carrying  one  half  of  the  total 

irrent. 

576.  Single-Layer  Bipolar  Winding.  —  Let  us  now  follow  in  detail 


Fig.  483.     A  two-pole  single-layer  winding. 

the  connections  in  Fig.  433.     With  the  polarity  of  the  magnetic  field 
and   the  direction  of  rotation  shown  there,  we  find   by  the  familiar 
*  For  a  more  comprehensive  treatment    see  Kinsbrunner's  Continuous-Current 
Armatures. 
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rule,  that  if  the  machine  is  acting  as  a  generator  the  currents  induce: 
in  the  conductors  under  the  N-$ole  are  flowing  toward  the  observe 
(up);  in  those  under  the  S-pole  —  from  the  observer  (down).  TL: 
is  indicated  in  the  figure  by  dots  and  crosses  within  the  conductors. 

The  whole  winding  must  be  symmetrical,  that  is,  all  connection 
must  have  the  same  "throw."  The  throw  in  the  particular  case  showr 
is  equal  to  7,  that  is  to  say,  the  conductor  1  is  connected  to  8  and  to  !■ 

these  being  the  7th  conductor- 
on  each  side  from  1 ;  bar  2  _< 
connected  to  9  and  11,  et 
The  throw  must  be  an  o»U 
number,  in  order  that  all  th- 
bars  be  connected  before  the 
winding  is  closed  upon  itsei: 
Suppose  we  would  take  a 
throw  equal  to  6,  and  conneo: 
1  to  7.  Then  from  7,  keepin; 
the  same  throw,  we  should  ge; 
to  13,  thence  to  3,  etc.,  closing 
the  winding  on  odd  bars  only. 
The  throw  must  be  only 
slightly  less  than  one  half  of 
the  number  of  bars.  Then  one 
comes  to  the  first  bar  only  after 
having  connected  together  a/, 
the  bars  on  the  armature.  Moreover,  in  no  place  of  the  armature 
do  induced  e.m.f.'s  counteract  one  another. 


Fig.  434.  Diagram  showing  that  the  arma- 
ture winding  is  divided  by  the  brushes  into 
two  parallel  branches. 


Fig.  436.     End  connections  in  a  double-layer  bar  winding  (evolute  winding). 

The  path  of  the  current  in  the  armature  is  as  follows:  Current  enters 
the  armature  through  the  negative  brush  and  is  divided  into  two  parts. 
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me  flowing  to  1,  the  other  to  10.  Following  the  first  half:  The 
jurrent  flows  "down"  through  1  and  returns  "up"  through  8,  the 
connection  between  1  and  8  being  on  the  back  of  the  armature,  as 
ndicated  by  dotted  lines.  From  8,  it  flows  to  15,  then  to  6,  etc., 
mtil  it  reaches  the  conductor  2,  and  leaves  the  winding  through  the 
positive  brush.    These  connections  can  be  represented  thus: 

neg.    brush  —  1— b— 8— f— 15— b— 6— f— 13— b— 4— f— 11— b— 2— f 
—  pos.  brush. 

The  letters  "b"  and  "f"  stand  for  "back"  and  "front,"  indicating 
whether  the  connection  is  on  the  front  or  the  back  side  of  the  armature. 
The  course  of  current  through  the  other  half  of  the  armature  conductors 
can  be  followed  in  a  similar  way.  As  mentioned  before,  the  two  halves 
are  put  in  parallel  by  the  brushes. 


,    Coils  occupy  opperpart  of  Blots 


Ootla  occupy  bottom 
part  of  Slots 


Grooves  tot 
Fiber  Wedges 


Fig.  436.    End  connections  in  a  double-layer  coil  winding  (barrel  winding). 

577.  Double-Layer  Bipolar  Winding.  — The  above  scheme  (Fig. 
433)  presupposes  that  the  conductors  or  the  coils  are  placed  in  one 
layer.  With  modern  slotted  armatures  the  coils,  as  a  rule,  are  put  in 
two  layers  (Fig.  437),  because  this  allows  of  a  better  utilization  of  the 
space  available  for  the  winding.     In  order  to  make  all  connections 
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identical,  one  side  of  each  coil  is  placed  in  the  bottom  of  the  slot,  thr 
other  side  in  the  top  (Figs.  435  and  436). 

When  the  winding  consists  of  copper  bars  (Fig.  435)  the  cross-con- 
nectors are  placed  in  planes  perpendicular  to  the  bars.  Such  windin* 
is  sometimes  called  the  evolute  winding,  because  of  the  form  of  the 
cross-connectors. 

With  form-wound  coils  (Fig.  436),  end  connections  are  usually  madr 
along  the  cylindrical  surface  of  the  armature.  Such  a  winding  i< 
sometimes  referred  to  as  the  barrel  winding.  The  general  scheme  of 
connections  remains  the  same  as  in  Fig.  433,  only,  instead  of  having  al: 
the  conductors  in  one  layer,  each  two  adjacent  conductors  must  I* 
imagined  as  placed  in  the  same  slot  one  on  top  of  the  other;  for  instance 
all  odd  conductors  are  in  the  bottom  and  all  even  ones  in  the  top. 


Fio.  437.     A  two-pole,  double-layer  winding  with  an  even  number  of  slots. 


Either  an  even  or  an  odd  number  of  slots  can  be  used  with  double- 
layer  bipolar  windings  (Figs.  437  and  438).  Actual  armatures,  as  » 
rule,  have  many  more  conductors  or  coils  than  is  shown  in  these  dia- 
grams: Therefore,  putting  all  the  coils  and  connections  on  the  draw- 
ing would  make  it  rather  too  complicated.  This  is,  however,  n<>t 
necessary,  since  all  the  coils  are  connected  according  to  a  certain 
"throw."  In  the  winding  departments  of  electric  manufacturing  com- 
panies, drawings  are  used,  on  which  but  a  few  conductors  are  shown 
and  the  throw  is  given.  The  winder  places  the  first  coils  as  shown  in 
the  drawing,  and  then  keeps  up  the  right  throw  until  all  the  slots  are 
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illed  with  coils.     Then  he  drives  in  fiber  wedges  which  hold  the  coils 
n  place,  and  solders  the  connections. 

578.  EXPERIMENT  26-D.  —  Exercises  with  Direct-Current 
Bipolar  Windings.  —  A  wooden  model  of  an  armature  is  convenient 
ror  study  of  windings;  it  should  be  provided  with  regular  teeth  and 
dots.  Ordinary  cord  may  be  used  for  winding,  instead  of  wire;  wooden 
bars  with  metal  end-connectors  are  convenient  for  illustrating  the  wind- 
ing shown  in  Fig.  435.  Form-wound  coils  should  be  provided  to 
demonstrate  the  barrel- winding  (Fig.  436). 

(1)  Wind  into  the  slots  a  single-layer  winding,  shown  in  Fig.  433. 
First  wind  in  place  separate  coils,  such  as  are  shown  in  slots  1 — 8, 
2 — 11,  etc.,  each  coil  consisting  of  several  turns.    Then  properly  cross- 


Fig.  438.    A  two-pole,  double-layer  winding  with  an  odd  number  of  slots. 


connect  the  ends  of  the  coils,  and  make  sure  that  the  winding  is  entirely 
symmetrical  and  closed  upon  itself. 

(2)  Do  the  same  with  the  double-layer  windings  shown  in  Figs.  437 
and  438.  If  the  number  of  slots  of  the  model  is  even,  a  winding  with  an 
odd  number  of  slots  is  realized  by  omitting  a  slot,  as  if  it  were  not  there. 

(3)  Place  a  few  form-wound  coils  (Fig.  436)  into  the  slots,  and 
make  clear  to  yourself  the  way  they  are  designed,  so  as  to  avoid  cross- 
ings, and  to  make  the  winding  symmetrical  all  around.  Try  also  the 
bar  winding  shown  in  Fig.  435. 

579.  Multipolar  Windings.  —  In  multipolar  machines,  currents  of 
alternate  direction  are  induced  in  groups  of  conductors  under  consec- 
utive poles.     The  winding  is  arranged  so  that  several  groups  are  con- 
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nected  either  in  series  or  in  parallel.  Accordingly,  two  types  of  windis, 
are  distinguished:  multiple  winding  and  series  winding.  The  conditic 
of  Fig.  434,  namely,  that  the  winding  must  form  a  closed  circuit  divid< 
by  the  brushes  into  two  parallel  branches,  must  always  be  fulfills 
even  with  the  pure  series  winding  there  are  always  two  circuits,  es< 
taking  one  half  of  the  armature  current  (series  winding  is  therefo 
sometimes  called  two-circuit  winding).  In  multiple  winding  ti 
number  of  branches  in  parallel  is  more  than  two.  Fig.  439  gives 
general  scheme  of  connections  for  a  multiple  winding  of  a  six-po 
armature.  There  are  six  branches  in  parallel,  and  each  coil  cam 
but  one  sixth  of  the  total  line  current. 


40 
Fig.  489.    Paths  of  current  in  a  six-pole  multiple. wound  armature. 

The  selection  of  a  series  or  a  multiple  winding  in  each  particular  case  is 
substantially  determined  by  the  voltage  and  the  current  of  themachine. 
Large  currents  should  be  avoided  in  armature  conductors,  as  they 
necessitate  heavy  bars,  difficult  to  handle  and  to  insulate;  moreover 
the  copper  loss  is  considerably  increased  by  eddy  currents  in  the  con- 
ductors themselves.     In  this  case  multiple  winding  should  be  used,  a- 
it  considerably  reduces  the  actual  currents  carried  by  the  armature 
conductors  (for  instance,  in  a  12-pole  machine,  currents  are  reducei 
12  times).      On  the  other  hand,  in  medium-size,  low-speed,  500- volt 
generators,  such  as  are  used  for  direct  connection  to  steam-engines,  the 
principal  difficulty  is  to  get  the  required  voltage,  without  making  the 
machine  too  bulky  and  expensive.    Here,  as  many  conductors  as 
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possible  should  be  connected  in  series,  and  a  two-circuit,  or  series 
winding  is  preferable.  Series  winding  is  also  used  in  railway  motors, 
as  it  enables  them  to  have  a  counter-e.m.f.  of  500  volts  induced  at  a 
comparatively  low  speed. 

With  very  large  machines,  say  above  1000  kw.,  both  difficulties 
arise  at  once:  The  currents  are  large  enough  to  make  necessary  several 
branches  in  parallel,  and  at  the  same  time  the  conductors  under  one 
pole  are  not  sufficient  to  produce  the  required  voltage,  so  that  series 


Fig.  440.    A  six-pole  multiple-wound  armature. 

windings  must  be  recurred  to.  To  meet  this  case  a  combination  series- 
parallel  minding  has  been  devised.  For  instance,  instead  of  using  an 
ordinary  series  winding  on  a  1500-ampere,  500-volt  railway  generator, 
three  separate  series  windings  are  placed  on  the  armature,  each  carry- 
ing 500  amperes.  Each  fourth  consecutive  commutator  bar  belongs 
to  the  same  winding.  The  brushes  cover  more  than  three  commutator 
segments,  and  thus  connect  the  three  windings  in  parallel  with  respect 
to  the  external  circuit,  while  inside  of  the  machine  each  winding  is  a 
two-circuit  winding. 
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580.  Multiple  Windings.  —  Fig.  440  shows  a  six-pole  multi-pit 
winding  with  two  conductors  per  slot;  a  development  of  the  winding 
is  shown  in  Fig.  441,  from  which  the  origin  of  the  name  "lap-winding^ 
can  be  seen.  The  winding  in  Fig.  440  is  of  the  same  character  as  that 
in  Fig.  437  or  438,  if  the  latter  be  imagined  cut  through  in  one  place 
and  spread  over  a  large  drum,  so  as  to  occupy  on  it  only  120  degrees 
instead  of  360  degrees.  Three  such  windings  put  side  by  side  give  the 
six-pole  winding  of  Fig.  440. 

The  number  of  slots  in  a  two-pole  winding  can  be  either  even  or 
odd  (Figs.  437  and  438).  As  a  multiple-winding  is  a  combination  of 
several  two-pole  windings  put  side  by  side,  the  number  of  slots  in  it 
can  also  be  even  or  odd,  but  must  be  divisible  by  the  number  of  pairs 
of  poles.  For  instance,  a  six-pole  machine  may  be  wound  with  39 
slots,  giving  13  slots  per  each  pair  of  poles.     Strictly  speaking,  even 

this  limitation  is  not  absolutely 
necessary,  and  the  armature 
may  be  provided  with  any 
number  of  slots.  Under  these 
conditions,  however,  the  num- 
ber of  coils  under  separate 
poles  is  slightly  different  at 
different  moments,  which  gives 
unbalanced  induced  e.m.f.'s; 
therefore  such  a  disposition 
should  be  avoided. 

The  arrangement  of  coils  is 
the  same  as  in  the  correspond- 
ing two-pole  winding.  For  instance,  in  the  above  example  of  a  six- 
pole  armature  with  39  slots,  the  coils  are  placed  in  the  slots  1—6, 
2 — 7,  etc.,  as  in  Fig.  438;  this  is  a  little  less  than  the  pole  pitch. 
Such  a  "throw"  insures  that  the  e.m.f.'s  induced  on  both  sides  of  the 
coil  are  added,  the  two  sides  being  under  opposite  poles.  The  winding 
is  closed  on  itself  after  all  the  coils  are  properly  interconnected. 

581.  Tables  of  Connections.  —  Windings  may  be  conveniently 
represented  by  tables,  instead  of  sketches  or  diagrams.  Thus  the  wind- 
ing shown  in  Fig.  440  is  represented  by  the  following  table: 

+  brush         -  brush  4-  brush 

I  I  I 

bottom    of    slot  10-2,-83-43-50  -65  -73  -8,  -90-10,-11,-    etc., 

connected  on  the  front; 


Fig.  441. 


+  Brutih 


Development  of  a  multiple  wind- 
ing (lap  winding). 


outer  part  of  slot 


50-62-7,-86-96-104-113-120-130-14^154-    etc., 
connected  on  the  back. 
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Large  figures  denote  the  conductors,  small  figures  the  induced 
voltages. 

Leaving,  for  the  time  being,  the  voltages  out  of  consideration,  the 
table  reads  as  follows:  The  conductor  on  the  bottom  of  the  slot  1  is 
connected  on  the  back  of  the  armature  (dotted  lines  in  Fig.  440)  to 
the  conductor  on  the  outer  part  of  the  slot  5.  This  latter  conductor 
is  connected  in  front  of  the  armature  (on  the  commutator  side)  to  the 
conductor  on  the  bottom  of  the  slot  2,  etc.  It  will  be  easily  seen  that 
such  a  table  gives  the  diagram  of  connections  much  clearer  than  a 
complicated  sketch. 

The  numbers,  indicating  the  voltages,  explain  the  electrical  character 
of  connections.  During  the  moment  shown  in  the  diagram,  Fig.  440, 
the  following  slots  are  under  the  poles: 

2,3,4,  6,7,8,  10,11,12,  14,  15,  16,  etc.; 

only  in  these  conductors  are  e.m.f.'s  induced.  We  assume  arbitrarily 
that  the  potential  of  the  conductor  placed  on  the  bottom  of  the  slot  1 , 
is  =  0,  and  that  1  volt  is  induced  in  each  conductor  under  the  poles. 

The  next  conductor  5  in  the  table  has  also  potential  zero,  since  5  is 
not  under  any  pole.  The  potentials  of.  the  next  conductors  are  each 
one  volt  above  that  of  the  preceding  conductor,  because  they  are  under 
the  poles,  and  are  connected  in  series.  The  potential  rises  up  to  the 
conductor  8  in  the  top  row:  this  conductor  has  a  potential  of  6  volts 
above  that  of  the  first  conductor.  The  potential  remains  the  same 
under  the  conductors  5  and  9  which  are  not  under  the  poles;  then  it 
gradually  drops  again  to  zero  at  the  next  neutral  zone. 

The  brushes  marked  on  the  table  are  placed  at  the  points  of  maximum 
and  minimum  potential.  It  will  be  seen  that  with  a  six-pole  multiple 
winding,  three  positive  and  three  negative  brushes  are  necessary  in 
order  to  collect  currents  from  all  the  sections  of  the  armature. 

582.  Short-Chord  or  Fractional-Pitch  Winding.  —  The  distance 
between  the  two  sides  of  a  coil,  expressed  in  the  number  of  slots, 
is  called  the  "  throw,"  or  the  coil-pitch.  In  the  multiple  windings 
described  above,  the  throw  is  one  slot  (or  one  half  slot)  less  than  the 
pole  pitch.  It  is  possible  to  use  coils  with  a  smaller  pitch  than  this: 
such  windings  are  referred  to  as  having  a  fractional  pitch,  or  as  short- 
chord  windings. 

Take,  for  instance,  a  12-pole  machine  with  120  slots,  or  10  slots  per 
pole.  The  pole-pitch  is  10,  or  from  the  slot  1  to  the  slot  11.  The 
regular  coil-pitch  is  one  less,  or  from  the  slot  1  to  the  slot  10.  A  short- 
chord  winding  is  obtained  by  placing  the  coil  in  the  slots  1  and  9 
instead,  and  even  in  the  slots  1  and  S.     The  only  condition  is,  that 
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the  two  sides  of  the  coil  should  not  come  under  the  same  pole;  other- 
wise the  induced  e.m.f.'s  would  oppose  each  other,  making  the  coil 
electrically  ineffective. 

The  poles  may  be  assumed  to  cover  about  60  per  cent  of  the  periphery, 
so  that  6  slots  out  of  every  10  are  under  a  pole.  The  pole  extends 
from  the  slot  1  to  the  slot  7;  so  that  by  placing  a  coil  in  the  slots  1  and 
8,  the  above  condition  is  fulfilled. 

Fractional-pitch  windings  are  used  to  a  considerable  extent;  their 
advantages  are: 

(1)  Shorter  end-connections,  therefore  less  copper  and  a  higher 
efficiency. 

(2)  Armature  reaction  is  reduced:  The  currents  in  the  neutral 
zone  flow  partly  in  opposite  directions,  neutralizing  each  other. 


Vi- 


1       2      3       4       5       6      7 


Vt- 


9    10     111  18 


TW^ 


ii  i  '  i  i 


i  'i    i   i    i  ~r-r 


Fig.  442.'  Development  of  a  two-circuit  winding  (wave  winding). 


It  is  recommended  that  the  student  work  out  a  table  for  the  above 
data,  120  slots,  10  poles,  assuming  first  the  throw  to  be  equal  to  9 
(1-10),  then  equal  to  7  (1-8);  he  should  also  draw  a  diagram  similar 
to  Fig.  440.  The  table  will  clearly  show  the  difference  between  the 
full-pitch  and  the  fractional-pitch  windings.  The  diagram  will  explain 
why  the  armature  reaction  is  reduced  by  selecting  fractional-pitch 
windings. 

583.  EXPERIMENT  26-E.  —  Exercises  with  Direct-Current 
Multiple  Windings.  —  The  experiment  is  conducted  on  a  wooden 
model  in  the  same  way  as  the  experiment  described  in  §  578.  Wind 
coils  of  cord,  using  the  type  of  winding  shown  in  Figs.  440  and  441. 
with  a  full  and  a  fractional  pitch.  Do  this  for  two  or  three  different 
numbers  of  poles,  so  as  to  become  perfectly  familiar  with  the  winding. 
Place  on  the  model  a  few  machine-wound  coils  (Fig.  436)  and  bars  (Fig. 
435),  and  make  clear  to  yourself  the  mechanical  features  of  the  winding, 
and  the  geometrical  relations.  Measure  the  diameter  and  the  length  of 
the  armature  core  and  the  size  of  the  slots. 
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Report.  Give  tables  of  the  windings  used  (§  581),  far  a  full-pitch 
winding,  and  for  a  short-chord  winding.  Make  a  sketch,  as  in  Fig.  440, 
for  one  of  the  numbers  of  poles,  possible  with  the  model.  Draw,  to 
scale,  end  connections  for  the  types  of  winding  shown  in  Figs.  435  and 
436.  The  size  of  the  coils  and  of  the  bars  must  be  such  as  to  fill  the 
slots. 

584.  Series  or  Two-Circuit  Winding.  —  The  difference  between 
the  series  and  the  above-described  multiple  windings  can  be  seen  by 
comparing  Figs.  441  and  442.  In  Fig.  441  a  conductor  is  connected  to 
another  one  under  the  consecutive  pole  and  then  back  to  a  conductor 
under  the  same  pole.  In  this  way,  the  winding  under  each  pair  of  poles 
constitutes  a  circuit  by  itself,  and  the  separate  circuits  are  put  in 
parallel  by  the  brushes.  In  the  series  winding,  shown  in  Fig.  442, 
a  conductor,  such  as  1,  is  connected  in  series  with  the  similarly  situ- 
ated conductors,  4,  7, 10,  etc.,  under  all  the  poles  of  the  machine,  and  only 
then  to  the  conductor  3  under  the  same  pole  as  1.  In  this  way  the 
conductors  of  the  armature  are  all  connected  into  one  circuit,  which  is 
divided  by  the  brushes  into  two  parallel  branches.  The  shape  of  the 
winding  in  Fig.  442  justifies  the  name  " wave  winding" 

A  simple  six-pole  wave  winding  is  shown  in  Fig.  443.  Only  two 
brushes  are  necessary,  although  four  or  six  may  be  used,  if  large  currents 
are  to  be  collected.  The  winding  is  always  placed  in  two  layers,  as 
in  Figs.  438  and  440:  a  single-layer  winding  is  shown  merely  for  the 
Bake  of  simplicity. 

Conductors  are  connected  alternately  in  the  bottom  and  the  top  of 
the  slots.  Let  s  be  the  total  number  of  slots,  p  the  number  of  pairs  of 
poles  (p  =  3  for  a  6-pole  machine,  p  =  4  for  an  8-pole  machine,  etc.), 
and  yx  and  y2  the  throws  on  the  back  and  the  front  side  of  the  armature 
(Fig.  442).  These  throws  may  be  somewhat  different  from  each  other: 
the  advantage  of  selecting  them  different  is  shown  below.  The  condi- 
tion must  be  fulfilled,  that  after  having  gone  once  around  the  armature, 
we  return  to  the  slot  next  to  where  we  started.  This  is  expressed  by  the 
equation 

P(Vi  +  y3)  -  •  ±  1, 
whence 

v 

If  p  is  even  (4-,  8-,  12-,  etc.,  pole  machines)  the  number  of  slots  must  be 
odd.  If  p  is  odd  (6-,10,-14-,  etc.,  pole  machines)  the  number  of  slots 
8  can  be  either  odd  or  even.  As  an  illustration,  suppose  that  the  num- 
ber of  conductors  for  a  10-pole  machine  (p  =  5)  is  figured  out  to  be 
about  500.    Assuming  the  winding  to  be  made  of  coils,  of  two  turns 
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each,  the  necessary  number  of  slots  is  125.  From  the  above  formula 
we  see  that  the  total  number  of  slots  s  must  be  taken  either  equal  to  124 
or  to  126:  in  both  cases  yx  +  y2  —  25.  Thus,  we  have  to  make  y,  =  12 
and  y2  =*  13,  or  vice  versa ;  the  throw  is  different  on  the  back  and  on  the 
front  side.  The  value  s  =  124  gives  the  so-called  progressive  winding; 
8  =  126,  a  retrogressive  winding.  If  we  should  prefer  to  have  yt  = 
y3,  we  should  have  to  use  either  119  or  121  slots,  or  else  129  or  131 
slots. 

It  will  be  seen  from  the  above  that  by  making  the  two  throws  slightly 
different,  it  is  possible  to  have  a  larger  number  of  possible  solutions, 


Fig.  443.     A  six-pole  series-wound  armature  (single-layer). 

with  the  same  number  of  slots.  This  not  only  makes  it  possible  to 
design  an  armature  closer  to  the  results  of  calculation,  but  also  to  use 
the  same  armature  punchings  for  more  than  one  type  of  machine. 

Tables  of  connections,  explained  in  §  581  in  application  to  multiple 
windings,  are  used  equally  well  with  two-circuit  windings. 

585.  Use  of  an  Idle  Coil.  —  It  sometimes  happens,  that  the 
punching  selected  for  a  special  machine  has  a  number  of  slots  which 
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does  not  satisfy  tne  above  formula  for  two-circuit  windings.  In  such 
cases  an  idle  coil  is  put  in  (Fig.  444),  and  the  winding  is  completed 
in  the  usual  manner.  The  idle  coil  gives  the  armature  a  symmetrical 
appearance  and  mechanical  strength.  If  a  standard  commutator  is 
used,  there  is  also  an  extra  commutator  bar  to  which  the  idle  coil  must 
\ye  connected  on  one  side.  If  the  commutator  is  made  specially  for  the 
machine,  with  the  right  number  of  bars,  the  idle  coil  remains  insulated 
on  both  ends. 

In  some  railway-motor  armatures,  even  of  a  standard  manufacture, 
an  idle  coil  is  not  to  be  avoided.  This  is  the  case  when,  for  some  con- 
siderations, four  coils  are  placed  in  one  slot,  two  on  the  bottom  and 


Fig.  444.    The  use  of  an.  idle  coil. 

two  on  the  top.  This  is  equivalent  to  using  an  even  number  of  slots: 
But  it  is  explained  above  that  a  two-circuit  winding  is  possible  for  a 
four-pole  machine  with  an  odd  number  of  slots  only.  Therefore  one 
coil  remains  idle  and  is  insulated  on  both  ends. 


586.  EXPERIMENT  26-F.  —Exercises  with  Direct-Current 
Two-Circuit  Windings.  —  The  experiment  is  performed  in  the  same 
way  as  those  specified  in  §§  578  and  583.  On  the  model  core,  place 
windings  for  two  or  three  different  numbers  of  poles,  with  equal  and 
with  different  throws  on  the  front  and  on  the  back  of  the  armature. 
Place  a  winding,  with  which  an  idle  coil  is  necessary.  Devise  a  double 
or  a  triple  winding  (series-parallel  winding),  as  explained  at  the  end  of 
§  579.     Use  cord  of  different  colors  to  distinguish  the  circuits. 


CHAPTER  XXVII. 
ALTERNATING-CURRENT  WAVE  FORM. 

587.  In  a  great  majority  of  engineering  calculations  relating  to 
alternating-current  machinery  and  transmission  lines,  it  is  legitimate 
to  assume  voltages,  currents,  and  magnetic  fluxes,  to  vary  according 
to  the  sine-law  (Fig.  102).  This  assumption  is  justified,  since  the 
results  of  calculations  come  sufficiently  close  to  the  actual  test  data. 
At  the  same  time,  both  the  graphical  and  the  analytical  treatments  of 
alternating-current  problems  are  made  much  simpler  than  would  be 
possible  without  the  sine-wave  assumption. 

There  are  practical  cases,  however,  in  which  the  observed  phenomena 
cannot  be  accounted  for,  by  assuming  a  sine-wave  distribution  of 
currents  and  voltages,  and  where  it  becomes  necessary,  or  at  least 
desirable,  to  deal  with  the  actual  wave-forms  of  alternating  currents 
and  voltages. 

An  experimental  investigation  of  the  wave  form  of  alternating 
currents  proves  to  be  particularly  helpful  in  the  following  subjects: 

(1)  In  the  study  of  commutation  in  direct-  and  alternating-current 
machinery. 

(2)  In  investigations  of  electric  disturbances  taking  place  in  cables, 
high-tension  lines,  etc. 

(3)  In  research  of  phenomena  taking  place  in  the  electric  arc, 
rectifiers,  etc. 

(4)  In  telephonic  research. 

i  Moreover,  a  knowledge  of  the  actual  instantaneous  phenomena  in 
alternating-current  circuits  has  contributed  materially  to  the  theory 
of  protective  apparatus. 

In  all  these  cases  an  experimental  determination  of  the  wave  form  has 
permitted  the  substitution  of  actual  facts  ^pr  a  mass  of  speculative  theories 
which  had  been  advanced  heretofore,  because  of  the  lack  of  experimental 
means  for  observing  rapidly-varying  irregular  electrical  phenomena. 

Determination  of  the  wave  form  of  alternating  currents  is  in  some 
respects  similar  to  taking  indicator  cards  on  steam-  and  gas-engines: 
Both  give  exact  information  about  the  actual  working  of  a  machine 
from  moment  to  moment.  Voltmeters  and  ammeters  give  only  effec- 
tive or  average  values  for  a  certain  length  of  time. 
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Two  methods  are  used  in  practice  for  experimental  determination  of 
wave  form  of  currents  and  voltages:  The  point-to-point  or  contact- 
maker  method,  and  the  oscillograph  method. 

1.     POINT-TO-POINT   METHOD. 

588.  The  general  principle  of  the  point-to-point  method  is  shown 
in  Fig.  445:  NS  is  the  field  and  A  the  armature  oi  an  alternator, 
whose  e.m.f.  wave  form  is  to  be  determined.  For  simplicity,  the 
machine  is  assumed  to  be  of  a  two-pole,  revolving-armature  type.  It 
has,  in  addition  to  two  regular  slip  rings  fv  and   /2,  a  third  ring  or 


Fio.  445. 


The  principle  of  determining  an  alternating-current  wave  form  by  the 
point-to-point  method. 


contact-maker  D  mounted  on  the  same  shaft,  and  revolving  syn- 
chronously with  the  machine.  The  ring  D  is  made  of  some  insulating' 
material,  and  has  a  metal  segment  V  on  a  part  of  its  periphery.  Two 
brushes,  B\  and  B2,  press  against  this  ring,  and  are  set  at  such  an 
angular  distance  that  the  circuit  is  closed  only  during  a  very  small  part 
of  a  revolution.  This  is  sufficient,  however,  to  charge  the  condenser 
C:  when  the  circuit  is  broken,  C  discharges  through  the  galvanometer 
<?.  As  these  charges  and  discharges  take  place  many  times  a  second, 
the  galvanometer  assumes  a  steady  deflection,  proportional  to  the 
value  of  the  individual  discharges,  in  other  words,  proportional  to  the 
voltage  at  the  condenser  terminals. 

This  voltage  depends  on  the  position  of  the  brushes  Bx  and  B2.     If 
they  are  set  in  such  a  position  in  regard  to  the  alternator  field,  that 
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the  circuit  is  closed  when  the  induced  e.m.f.  of  the  machine  is  at  its 
maximum,  the  voltage  at  the  condenser  terminals,  and  therefore  the 
deflection  of  the  galvanometer,  have  their  largest  values.  If  the 
brushes  are  set  so  that  the  circuit  is  closed  when  the  induced  e.m.f. 
passes  through  zero,  the  condenser  receives  no  charge,  and  the  galva- 
nometer deflection  is  zero.  In  an  intermediate  position  of  the  brushes, 
the  deflection  of  the  galvanometer  is  proportional  to  the  instantaneous 
value  of  the  voltage  of  the  machine. 

With  this  arrangement,  the  e.m.f.  wave  form  of  an  alternator  is 
taken  by  reading  galvanometer  deflections  and  shifting  the  brushes 
Bl  and  B2.  The  rocker  arm,  to  which  the  brushes  are  fastened,  is 
provided  with  an  index,  which  slides  along  a  circular  scale  divided  into 
degrees.  The  brushes  are  shifted,  say  5  degrees  at  a  time,  and  the 
galvanometer  deflection  noted. 

The  results  are  plotted  as  in  Fig.  454,  giving  galvanometer  deflections 
against  brush  positions  as  abscissae.  The  former  are  proportional  to 
the  instantaneous  voltages,  the  latter  correspond  to  the  particular 
moments  at  which  contact  is  closed.  The  curve  thus  plotted  repre- 
sents the  actual  wave  form  of  the  voltage  of  the  machine.  If  the 
galvanometer  constant  is  known,  the  curve  may  be  plotted  directly 
in  volts;  otherwise  its  effective  value  (square  root  of  the  mean  square 
of  the  instantaneous  values)  is  calculated  and  compared  to  the  same 
value  (voltage  of  the  alternator)  measured  on  the  voltmeter.  This 
gives  the  scale  of  the  instantaneous  values. 

589.  A  Modification  of  the  Point-to-Point  Method.  —  The  con- 
tact-maker D  can  be  driven  directly  by  the  alternator  in  exceptional 
cases  only,  since  the  machine  is  usually  not  accessible.  Therefore,  the 
contact-maker  is  usually  driven  by  a  small  synchronous  motor  con- 
nected to  the  same  supply  which  is  being  investigated  (Fig.  446). 
The  speed  being  synchronous,  this  arrangement  is  equivalent  to  the 
one  in  which  the  contact-maker  is  driven  directly  from  the  alternator. 
The  contact-maker  K  is  somewhat  different  from  that  shown  in  Fig. 
445,  and  the  brushes  are  set  side  by  side.  The  cross-hatched  part  is 
made  of  fiber,  the  remaining  portion  is  of  brass.  Electrically  the  two 
arrangements  are  equivalent,  since  in  both  cases  the  current  is  closed 
for  an  instant  during  each  revolution. 

Another  difference  between  the  arrangements  shown  in  Fig.  445  and 
in  Fig.  446  is  that,  in  the  latter,  instantaneous  voltages  are  directly  com- 
pared to  an  equivalent  drop  in  a  direct-current  circuit,  instead  of  being 
measured  by  galvanometer  deflections.  This  does  away  with  the 
galvanometer  and  the  condenser,  and  makes  possible  the  use  of  an 
ordinary  direct-current  voltmeter. 

/ 
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Referring  to  Fig.  446,  the  alternating  voltage,  whose  wave  form  is 
to  be  determined,  is  taken  from  the  terminals  A.  C.  The  circuit  is 
closed  through  the  contact-maker  K,  a  double-throw  switch  Sw.,  and 
a  high  resistance  GG.  This  resistance  is  also  connected  to  a  direct- 
current  supply  D.  C.,  so  that  a  constant  direct-current  circulates  through 
it.  By  moving  the  contact  S  along  the  resistance,  a  position  is  found, 
in  which  the  direct  voltage  is  equal  to  the  instantaneous  value  of  the 
alternating  voltage,  given  by  the  contact-maker.  This  voltage  is  then 
read  directly  on  the  voltmeter  V. 

The  point  of  equilibrium  is  determined  by  means  of  a  telephone 
receiver  T  connected  into  the  alternating-current  circuit.  When  the 
A.  C.  voltage  does  not  balance  the  D.  C.  voltage,  a  clicking  noise  is 
heard  in  the  telephone,  corresponding  to  the  frequency  at  which  the 
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Fig.  446.     The  diagram  of  connections  for  balancing  instantaneous  values  of 
alternating  voltage  by  continuous  voltage. 

current  is  interrupted  at  the  contact-maker.  When  the  two  voltages 
balance  each  other,  the  noise  disappears.  To  increase  the  sensitiveness 
of  the  receiver,  a  condenser  C  can  be  connected  across  its  terminals. 
A  milli-voltmeter,  or  any  zero-reading  galvanoscope,  may  be  used  for 
balancing,  instead  of  the  telephone  receiver. 

M  is  a  synchronous  motor  driving  the  contact-maker;  its  armature 
is  connected  to  the  A.  C.  supply,  and  the  field  is  excited  with  direct 
current.  The  lamps  LL,  connected  in  series  with  the  resistance  GG, 
are  useful  as  a  precaution  in  case  of  a  short-circuit.  The  double-throw 
switch  Sw.  is  necessary  in  order  to  be  able  to  take  both  halves  of  an 
alternating-voltage  wave,  with  the  same  direction  of  the  direct  current 
in  the  resistance  GG. 

If  it  is  desired  to  determine  the  wave  form  of  an  alternating  current 
instead  of  voltage,  the  general  scheme  of  connections  remains  practically 
the  same;  only  the  terminals  A.  C.  must  be  taken  in  this  case  from  the 
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ends  of  a  non-inductive  resistance  connected  in  series  with  the  circuit. 
With  this  arrangement,  a  voltage  curve  is  taken  at  the  terminals  of 
this  resistance,  which  curve  has  the  same  form  as  the  current  wave  of 
the  circuit.  This  procedure  is  analogous  to  using  a  milli-voltmeter 
with  a  shunt  for  measuring  direct  currents. 

If  it  is  desired  to  obtain  the  voltage  and  the  current  curves  simul- 
taneously, in  their  proper  phase  relation,  suitable  double-throw  switches 
must  be  provided  so  as  to  change  quickly  and  conveniently  from  one 
scheme  to  the  other. 

A  disadvantage  of  the  coa*act-maker  K  is  that  the  contact  lasts  an 
appreciable  time  instead  of  being  instantaneous;  this  is  objectionable 
with  complicated  wave  forms,  since  a  considerable  part  of  a  higher 
harmonic  may  be  comprised  in  the  time  of  the  contact.  To  obviate 
this,  Professors  Bedell  and  Ryan  proposed  to  use  a  tiny  stream  of  salt 
water  which  makes  an  instantaneous  contact  with  a  revolving  pin. 
Another  arrangement,  proposed  by  Adams,  is  based  on  the  use  of  a 
spring,  which  makes  and  breaks  the  contact  in  the  same  movement, 
almost  instantaneously.  These  devices  are  described  in  detail  on  p.  188 
of  Swenson  and  Frankenfield's  Testing  of  Electromagnetic  Machinery. 

590.  EXPERIMENT  27-A.  —  Determination  of  Alternating- 
Current  Wave  Form  with  a  Contact-Maker.  —  The  purpose  of  the  ex- 
periment is  to  afford  familiarity  with  the  use  of  the  arrangement  shown  in 
Fig.  446  and  to  obtain  curves  of  wave  form  in  cases  of  practical  impor- 
tance. The  synchronous  motor  M  is  started  by  means  of  an  auxiliary 
direct-current  motor,  synchronized  and  switched  on  to  the  alternating- 
current  supply.*  Then  the  direct-current  circuit  is  closed  through 
the  resistance  GG.  The  terminals  A.  C.  are  connected  either  across 
the  line  or  across  a  non-inductive  shunt  in  series  with  the  line,  accord- 
ing to  whether  the  voltage  or  the  current  curve  is  to  be  taken.  Then 
the  contact  S  is  shifted  along  GG  until  a  position  of  silence  in  the 
telephone  receiver  is  found.  If  a  galvanosoope  or  a  milli-voltmeter  is 
used  instead  of  the  receiver,  this  corresponds  to  the  zero  position  of 
the  pointer.  Then  the  voltage  is  read  on  the  direct-current  voltmeter 
V,  it  being  at  the  same  time  the  instantaneous  value  of  the  alternating 
voltage  at  the  terminals  A.  C.  To  get  another  point  on  the  curve, 
the  contact-maker  brushes  are  shifted  by  a  few  degrees  and  the  same 
measurements  repeated.  When  zero  point  of  the  alternating  wave  is 
reached,  the  current  must  be  reversed  by  means  of  the  switch  Sw., 
and  the  second  half-wave  taken  in  the  same  way. 

(*)  A  three-phase  synchronous  motor  may  be  started  directly  from  the  alternating- 
current  side,  without  excitation,  as  explained  in  §  506. 


---i 


Chap.  27]  ALTERNATING-CURRENT  WAVE  FORM.  619 

Care  should  be  taken  to  keep  currents  and  voltages  constant  during 
the  whole  test.  If  the  A.  C.  voltage  is  too  high  to  be  compensated  by 
the  available  D.  C.  voltage,  a  non-inductive  resistance,  say  a  few  incan- 
descent lamps,  are  connected  across  the  supply,  and  the  leads  to  the 
contact-maker  are  taken  across  a  part  of  this  resistance.  Such,  for 
instance,  is  the  case  when  a  curve  is  to  be  taken  of  a  110-volt  supply, 
and  the  highest  continuous  voltage  obtainable  is  also  110  volts.  -It  is 
evident  that  the  peak  of  the  alternating  curve  is  considerably  above 
110  volts,  and  could  not  be  compensated  on  GG. 

The  following  curves  can  be  taken  in  the  laboratory  by  this  method : 

(1)  Current  and  voltage  curves  of  the  laboratory  supply  at  a  non- 
inductive  load. 

(2)  Same,  with  a  highly  inductive  load  and  approximately  the 
same  value  of  the  current. 

(3)  The  curve  of  the  current  taken  by  a  large  transformer  at  no 
load.  The  wave  is  considerably  distorted  because  of  the  hysteresis 
phenomena  in  the  iron. 

(4)  Current  wave  of  an  arc  lamp,  and  a  curve  of  potential 
difference  between  the  carbons.  Both  curves  have  a  somewhat 
peculiar  shape,  which  can  be  explained  by  the  fact  that  the  arc 
is  actually  extinguished  at  each  alternation,  and  the  voltage  has  to 
attain  a  certain  value  before  the  current  jumps  between  the  carbons 
and  starts  the  arc. 

(5)  If  an  experimental  alternator  is  available,  it  may  be  of  interest 
to  take  its  voltage  curve.  Ripples  similar  to  those  in  Fig.  447  will 
be  clearly  seen  according  to  the  number  of  teeth  in  the  armature. 
These  ripples  constitute  a  higher  harmonic,  and  in  order  to  make  them 
still  more  pronounced,  some  capacity  is  connected  across  the  terminals 
of  the  machine,  so  as  to  produce  a  resonance  effect. 

(6)  Curves  of  the  current  taken  by  a  synchronous  and  an  induction 
motor.  These  curves  may,  under  certain  circumstances,  be  consider- 
ably distorted,  due  to  the  counter-e.m.f .  of  the  motor  being  of  a  differ- 
ent shape  than  the  e.m.f.  of  the  supply. 

Have  a  wattmeter  connected  into  the  circuit  in  at  least  one  of  the 
above  measurements,  in  order  to  compare  the  phase  displacement 
actually  measured  by  the  contact-maker  to  that  calculated  from  the 
power  factor  of  the  load. 

The  method  itself  may  be  learned  in  the  taking  of  one  curve;  but 
the  above  six  curves  are  suggested  as  possible  exercises,  and  as  many 
of  them  should  be  taken  as  time  and  laboratory  facilities  will  permit. 
Moreover,  the.  curves  are  of  considerable  practical  importance,  and  it 
is  interesting  to  take  them  for  this  reason. 
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Report.  (1)  Plot  the  curves  obtained  experimentally,  and  explain 
the  irregularities,  where  possible.  (2)  Take  one  of  the  curves,  figure 
out  the  effective  value  of  the  ordinates  (root  of  mean  square)  and  plo* 
an  equivalent  sine  wave;  compare  the  effective  value  to  that  read  on 
the  alternating-current  voltmeter.  Determine  also  the  ordinary  mean 
value  of  the  ordinates.*  (3)  Calculate  the  ratios  of  the  maximum 
value  to  the  effective  value,  and  to  the  mean  value;  compare  these 
ratios  to  those  for  the  sine  wave  (  \/2  and  £  x).  (4)  Where  the 
curves  of  voltage  and  current  were  taken  simultaneously,  check  the 
phase  displacement  from  the  wattmeter  reading.  (5)  Analyze  at 
least  one  of  the  curves  into  its  harmonics,  as  explained  in  §  600  below. 


Fio.  447.     Voltage  curve  with  a  prominent  eleventh  harmonic. 

Separating  the  fundamental,  the  third,  and  the  fifth  harmonics  is  suffi- 
cient for  the  purpose,  as  this  is  merely  intended  to  illustrate  the  method 
of  analysis. 

2.     OSCILLOGRAPH. 

591.  The  above-described  contact-maker  method  has  two  good 
points  in  its  favor:  It  gives  fairly  accurate  results,  and  at  the  same 
time  it  does  not  require  the  use  of  special  delicate  devices.  Its  dis- 
advantages are:  Being  a  "point-to-point"  method  it  is  somewhat 
tedious;  if  the  wave  to  be  observed  is  not  perfectly  steady  the  curve 
obtained  represents  an  average  rather  than  the  actual  wave;  the 
apparatus  is  not  suited  for  observing  rapidly-changing  non-periodical 
phenomena,  as,  for  instance,  the  effect  of  switching  in  or  out  of  a  long 
transmission  line.  The  method  is  not  suitable  for  high-frequency 
phenomena,  because  of  the  practical  impossibility  of  driving  the  con- 
tact-maker at  the  required  speed.  For  work  of  this  kind  so-called 
oscillographs  are  used,  or  instruments  which  give  practically  instan- 
taneous wave  records  on  a  screen,  or  on  a  photographic  plate. 
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In  eontra-distinction  to  the  point-to-point  method,  the  wave  is 
here  traced  by  a  beam  of  light  simultaneously  with  the  actual  changes 
in  current:  the  result  gives  the  image  of  an  individual  wave,  instead  of 
being  an  average  of  many  impulses,  as  in  the  former  method.  A 
sample  of  such  a  curve,  traced  by  a  beam  of  light  upon  a  photographic 
plate,  is  shown  in  Fig.  447.  It  represents  a  voltage  curve  actually 
observed  on  an  alternator,  running  on  unloaded  cables  with  consid- 
erable electrostatic  capacity;  the  eleventh  harmonic  is  prominent. 

The  beam  of  light  must 
be  given  simultaneously  two 
movements:  one  along  the 
axis  of  the  ordinates,  pro- 
portional to  the  instanta- 
neous values  of  the  current; 
the  other  —  a  uniform 
motion  along  the  axis  of 
abscissae,  proportional  to 
time.  These  two  move- 
ments, independent  of  each 
other,  are  produced  in  the 
oscillograph  by  different 
means,  and  will  be  de- 
scribed separately  in  the 
next  two  articles. 

502.  Vibrations  Pro- 
portional to  Currents 
(Ordinates).  —  The  prin- 
ciple of  construction  and 
operation  of  a  practical 
oscillograph  (DuddeH's  os- 
cillograph) is  shown  in  Fig. 
448.  In  the  narrow  air-gap 
between  the  poles,  N,  S,  of  a  powerful  electromagnet,  are  stretched  two 
parallel  conductors,  s,  s,  formed  by  bending  a  metal  strip  back  on  itself 
over  the  pulley  P.  A  small  mirror  M  is  attached  to  the  loop  and 
serves  the  same  purpose  as  a  galvanometer  mirror,  viz.,  it  indicates  and 
magnifies  deflections  of  the  moving  part  by  deflecting  a  ray  of  light. 
When  a  direct  current  is  passing  through  the  loop  s,  s,  it  causes  one  of 
the  legs  to  advance  and  the  other  one  to  recede;  the  mirror  is  thus 
turned  about  a  vertical  axis.  With  a  properly  constructed  instru- 
ment this  deflection  is  made  proportional  to  the  current,  so  that  the 
instrument  is  simply  a  sensitive  moving-coil  galvanometer.     If  the 


Fig.  448. 


The  vibrating  strips  of  the  Duddell 
oscillograph. 
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current  is  variable,  instantaneous  deflections  of  the  instrument  are 
proportional  to  instantaneous  values  of  the  current:  This  is  indicated 
by  the  beam  of  light,  reflected  from  the  mirror  on  a  suitable  screen. 
The  only  difference  between  this  instrument  and  an  ordinary  galvano- 
meter is  that  the  moving  system  of  the  oscillograph  is  so  light  and  has 
such  a  short  period  of  natural  vibration,  that  the  mirror  easily  follows 
very  quick  variations  of  the  current,  which  an  ordinary  galvanometer 
could  not  follow,  because  of  its  inertia.  In  the  most  accurate  high- 
frequency  oscillographs  the  natural  period  of  vibration  of  the  loop  is  in 
the  neighborhood  of  one  ten-thousandth  of  a  second.  The  moving 
system  is  immersed  in  a  viscuous  oil,  which  has  a  damping  effect,  and 
prevents  even  these  small  vibrations  from  showing  on  the  curve. 


Fig.  449.    The  general  arrangement  of  parts  in  a  Duddell  oscillograph 
with  tracing  desk. 

With  alternating  currents  traversing  the  loop  s,  s,  the  spot  of  light 
reflected  from  the  mirror  oscillates  to  and  fro  in  a  horizontal  plane,  as 
the  current  varies,  and  thus  traces  a  straight  line  (ordinates).  To 
obtain  on  the  screen  an  image  of  the  wave  it  is  necessary  to  introduce 
the  time  element  (abscissae) ,  as  is  explained  below. 

593.  Movement  Proportional  to  Time  (Abscissae).  —  Two  distinct 
methods  are  used  in  the  above  oscillograph  for  producing  a  motion  pro- 
portional to  time,  along  the  axis  of  abscissae:  (a)  moving  photographic 
plate,  and  (b)  revolving  mirror. 

(a)  A  moving  photographic  plate  is  used  when  a  permanent  record  of  the 
observed  wave  is  required.  The  vibrations  of  the  strip  s,  s,  being  in  a 
horizontal  plane,  the  photographic  plate  must  be  moved  in  a  vertical 
plane;  this  is  usually  done  by  letting  the  plate  fall  down  a  slide,  under 
the  action  of  gravity.  When  it  passes  by  the  exposure  aperture,  the 
beam  of  light  traces  on  it  a  curve.  The  time  of  the  exposure  is  so 
short  that  the  speed  of  the  plate  may  be  assumed  as  constant. 
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It  is  sometimes  necessary  to  observe  alternating-current  phenomena 
which  last  a  considerable  time,  such  as  observations  on  the  paralleling 
of  alternators,  the  running  up  to  speed  of  motors,  the  surges  which 
occur  in  switching  on  and  off  cables,  etc.  Photographic  records  are 
required  here,  considerably  longer  than  those  which  can  be  obtained 
on  a  single  plate.  In  these  cases  a  camera  is  mounted  in  place  of  the 
vertical  slide.  A  roll  of  cinematograph  film,  such  as  is  used  for  mov- 
ing pictures,  is  driven  at  a  uniform  speed,  past  the  exposure  aperture. 
Records  over  100  feet  long  may  be  obtained  at  one  time,  giving  the 
complete  picture  of  the  varying  phenomenon. 

(6)  Revolving  or  oscillating  mirror.  With  this  method,  a  second 
mirror  is  interposed  in  the  path  of  the  beam  of  light,  and  is  caused  to 


Fig.  450.    OscUlogragh  connections  for  determining  simultaneously  a  current 
wave  and  a  voltage  wave. 


rotate,  or  to  vibrate  so  as  to  impart  to  the  beam  of  light  a  uniform 
motion  at  right  angles  to  the  vibrations  due  to  the  current.  The  spot 
of  light  then  traces  on  a  stationary  screen  a  time-curve  of  variations  of 
a  voltage  or  a  current,  as  the  case  may  be  (Fig.  447).  If  the  variations 
are  periodic,  as  in  commercial  alternating  currents,  the  second  mirror 
is  synchronized,  and  the  spot  of  light  is  caused  to  trace  the  wave  form 
over  and  over  again,  so  that  it  appears  stationary  to  the  eye,  and  may 
be  easily  observed.  If  it  is  desired  to  have  it  recorded,  the  beam  of 
light  is  projected  on  a  curved  screen  of  ground  glass  (Fig.  449),  where 
it  may  be  traced  by  hand,  or  photographed. 

594,  The  Duddell  Double  Oscillograph.  —  The  outfit  shown  in 
Fig.  449  represents  a  double  oscillograph  which  is  a  combination  of  two 
single  oscillographs,  placed  side  by  side.     The  moving  part  of  one  is 


624  ALTERNATING-CURRENT  WAVE  FORM  [Chap.  27 

connected  across  the  terminals  of  the  circuit  and  thus  made  to  indicate 
the  voltage  wave;  the  other  is  connected  as  a  milli- voltmeter  across  a 
non-inductive  shunt  in  series  with  the  circuit  (Fig.  450) . 

The  vibrating  wire  v,  which  traces  the  voltage  wave,  is  connected 
across  the  line  in  series  with  a  high  resistance  R2;  it  is  protected  by  a 
fuse  /2,  and  the  switch  S2.  The  other  vibrating  wire  c,  which  traces 
the  current  wave,  is  connected  across  a  non-inductive  shunt  R;  it  is 
protected  by  the  resistance  Rl9  fuse  fx  and  switch  Sv  The  synchro- 
nous motor,  shown  in  the  sketch,  is  for  driving  the  revolving  or  the 
vibrating  mirror. 

The  oscillograph  itself  is  shown  in  Fig.  449  to  the  left,  its  two  small 
mirrors  on  the  strips  being  illuminated  by  the  projection  lantern  to  the 
right.  The  light  reflected  from  these  mirrors  falls  on  a  vibrating 
mirror  driven  by  a  small  synchronous  motor,  and  is  finally  reflected 
on  the  curved  screen;  the  vibrating  mirror  and  the  motor  are  shown 
under  the  tracing  screen.  Two  curves  are  visible  on  the  screen,  the 
outfit  being  a  double  oscillograph. 

The  mirror  is  vibrated  by  means  of  a  cam  attached  to  the  motor 
shaft.  The  cam  is  so  arranged  that  the  mirror  moves  uniformly  for 
about  1J  complete  periods,  during  which  the  wave  form  is  observed 
it  then  returns  rapidly  to  its  starting  point  during  the  remaining 
£  period.  During  the  half  period  of  return  motion,  the  light  is  cut  off 
from  the  oscillograph  by  means  of  a  sector  fixed  to  the  motor. 

Instead  of  a  vibrating  mirror,  ordinary  revolving  mirrors  may  be 
used,  provided  with  a  sufficient  number  of  faces,  to  give  a  suitable  scale 
and  a  steady  image. 

When  it  is  desired  to  produce  waves  to  a  larger  scale,  as  for  demon- 
stration purposes,  a  large  stationary  mirror  is  substituted  for  the 
tracing  screen,  and  the  vibrating  beam  of  light  is  thrown  on  the  pro- 
jection screen,  or  directly  on  the  wall.  Waves  as  high  as  3  feet  may 
be  thus  produced. 

In  taking  oscillograph  records,  it  is  often  desired  to  have  the  axis  of 
abscissae  automatically  marked  on  the  record.  This  is  done  by  pro- 
viding a  small  stationary  mirror  in  the  oscillograph  itself.  This  mirror 
gives  a  beam  of  light  which  is  deflected  by  the  revolving  mirror  along 
the  axis  of  abscissae,  and  traces  this  axis.  Another  way  is  to  stretch 
a  vertical  wire  before  the  falling  photographic  plate:  The  wire 
intersects  the  oscillating  beam  of  light,  and  the  axis  of  abscissa  is 
recognized  on  the  record  from  the  interruptions  in  the  wave. 

595.  Students'  Oscillograph.  —  The  above-described  oscillograph, 
used  for  accurate  work,  is  rather  delicate  in  handling  and  difficult  to 
adjust.     It  is  well  for  a  beginner  to  start  with  a  simpler  and  a  mow 
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robust  instrument,  for  instance  such  as  is  shown  in  Fig.  451.  Its 
moving  system  is  based  on  the  same  principle  as  that  in  Fig.  448,  but 
the  wires  are  much  heavier  and  no  oil  damping  is  provided.  This 
oscillograph  could  not  be  expected  to  show  high  harmonics  accurately; 
it  may  even  introduce  harmonics  of  its  own;  but  some  experience  in 
handling  this  instrument  is  a  valuable  preparation  for  work  with  more 
accurate  oscillographs. 

The  instrument  shown  in  Fig.  451  is  a  double  oscillograph;  it  has  two 
oscillating  loops  which  may  be  used  either  together  or  separately,  for 
instance,  one  for  amperes  and  the  other  for  volts. 

The  light  necessary  for  produc- 
ing the  spot  on  the  screen  is 
obtained  from  a  projection 
lantern ;  the  rays  are  concentrated 
on  the  mirrors  by  means  of  suit- 
able lenses.  The  revolving  mirror 
should  have  about  12  faces,  and 
may  be  driven  by  a  small  fan 
motor.  The  speed  of  the  mirror 
can  be  made  a  multiple  of  the 
frequency  of  the  supply  to  be 
investigated.  Then  the  curves 
appear  stationary  on  the  screen, 
and  can  be  traced  with  sufficient 
accuracy.  In  addition  to  two 
spots  of  light,  produced  by  the 
two  small  mirrors  on  the  movable 
parts  of  the  oscillograph,  a  third 
spot  is  thrown  on  the  screen  by  a 
third  stationary  mirror.  When 
the  revolving  mirror  rotates,  this 
spot  traces  a  horizontal  luminous  line  representing  the  axis  of  abscissae. 

At  the  beginning  of  the  experiment  the  three  spots  must  be  made  to 
coincide  on  the  screen,  with  the  current  off.  This  is  done  by  varying 
the  relative  positions  of  the  two  oscillographs  on  the  stand,  and  also  the 
position  of  the  third  mirror,"  which  traces  the  axis  of  abscissas.  When 
the  current  is  put  on,  and  the  revolving  mirrors  stand  still,  the  vertical 
lines  produced  on  the  screen  by  the  alternating  currents  flowing  through 
the  oscillograph,  must  be  perpendicular  to  the  axis  of  abscissae.  After 
being  thus  adjusted  the  apparatus  is  ready  for  use. 

The  current  should  not  be  kept  switched  on  for  a  long  time,  either 
in  the  moving  part  or  the  stationary  field  of  the  oscillograph.     The 
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A  student's  oscillograph. 
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apparatus  is  not  intended  for  a  continuous  use,  and  can  be  damaged 
by  being  overheated.  The  same  applies  to  the  motor  driving  the 
revolving  mirror.  Open  all  the  circuits  as  soon  as  a  curve  is  taken,  and 
while  connections  are  being  changed  for  the  next  curve. 

596.  EXPERIMENT  27-B.  —Determination  of  Alternating 
Current  Wave-Form  with  an  Oscillograph.  —  The  work  with  an 
oscillograph  (§§591  to  595)  consists  in  taking  some  or  all  of  the  curves 
enumerated  in  connection  with  the  point-to-point  method  (§  590). 
The  results  must  be  worked  out  in  the  way  indicated  there.  Sim- 
ilar curves  should  be  taken  by  the  two  methods,  as,  for  instance,  the 
wave  form  of  the  laboratory  supply,  which  is  practically  invariable: 
the  results  can  be  compared  and  checked  with  each  other. 

WAVE   ANALYSIS. 

597.  It  is  sometimes  dfesired  to  express  analytically  an  irregular 
wave,  such  as  PQR  (Fig.  452),  taken  by  the  point-to-point  method 


Fig.  452.    A  complex  wave  resolved  into  its  harmonics. 

or  by  an  oscillograph.  The  equation  of  such  a  curve  is  obtained  on 
the  basis  of  the  mathematical  law,  that  any  periodic  curve,  no  matter 
how  irregular,  may  be  represented  by  an  infinite  series  of  sine  vcaw*< 
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one  of  which  has  the  same  frequency  as  the  given  curve,  and  the  rest 
have  frequencies  which  are  multiples  of  it.  Thus  the  wave  shown  in 
Fig.  452  is  a  combination  of  three  sine-waves,  or,  as  they  are  called, 
harmonics;  the  fundamental  wave  C\,  the  third  harmonic  C3,  and  the 
fifth  harmonic  C5.  A  rigid  analytical  proof  of  this  law  (Fourier's 
theorem)  would  be  out  of  place  here.  It  will  be  easily  seen,  however, 
without  any  proof,  that  by  suitably  selecting  the  frequency  and  the 
phase  position  of  the  higher  harmonics,  the  shape  of  the  fundamental 
sine  wave  may  be  distorted  in  almost  any  desired  way. 

When  the  two  halves  of  the  irregular  wave,  above  and  below  the  axis 
of  abscissae,  are  identical,  no  even  harmonics  can  be  present,  or  harmon- 
ics having  frequencies  2,  4,  6,  etc.,  times  higher  than  the  given  curve. 
Such  harmonics  would  increase  the  ordinates  of  one  half  of  the  funda- 
mental wave,  and  reduce  by  the  same  amount  the  ordinates  of  the 
other  half,  making  the  wave  unsymmetrical,  which  is  contrary  to  the 
assumption  of  its  being  symmetrical.  Practically  all  the  waves  of 
voltages  and  currents,  dealt  with  in  electrical  engineering,  are  symmet- 
rical waves,  at  least  those  produced  by  electromagnetic  induction.  They 
consist,  therefore,  of  the  fundamental  and  the  odd  harmonics  only. 

598.  General  Equation  of  an  Irregular  Wave. —  From  the  above 
considerations,  it  follows  that  the  general  equation  of  the  wave  PQR 
shown  in  Fig.  452  is: 

y  -  d  Sin  (x  +  ai)  +  C3  Sin  (3x  +  a3)  +  C5  Sin  (5x  +  a5)  +  ... 
the  meaning  of  all  the  symbols  being  shown  in  the  sketch.  Opening  the 
brackets,  we  get 

y  =  C\  Cos  ai  Sin  x  +  Ci  Sin  a\  Cos  x  +  C3  Cos  a3  Sin  3x 

+  Cz  Sin  a3  Cos  3x  + 

or 

y  =  AiSinx  +  B1Cosx  +  Az  Sin  3x  +  £3Cos3x-f     ....     (1) 

where  for  any  harmonic,  such  as  the  nth, 

AH  =  CH  Cos  aH  \  f0. 

BH  -  Cn  Sin  an  f W 

The  coefficients  AH  and  BH  are  the  amplitudes  of  the  component 
waves  of  the  nth  harmonic  (Fig.  454).  The  two  components  of  the 
fifth  harmonic  are  shown  in  this  figure,  the  sine  component  and  the 
cosine  component.  The  first  intersects  the  axis  of  abscissae  at  the  same 
point  P  with  the  fundamental  wave,  the  second  is  displaced  by  \n  . 

Having  found,  by  the  method  described  below,  the  component  har- 
monics, the  magnitude  and  the  phase  position  of  the  total  harmonic 
(Fig.  452)  of  the  same  order  are  calculated  from  the  relations 

CH  =  VAM*+  Bh*;\  f3x 

tan«„  =  £,,-h  AH       .| KV 
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These  formulae  are  obtained  from  the  expressions  (2)  for  A«  and  £„. 

The  values  of  CM  and  aM  can  also  be  measured  graphically,  as  shown  in 

Fig.  453,  from  the  known  values  of  An  and  BH. 

599.   Expressions  for  Amplitudes  of  Higher  Harmonics.  —  The 

amplitudes  Av  Bu  A3,  BZf  etc.,  of  component  harmonics  are  calculated 

on  the  basis  of  the  following  mathematical  propositions: 

(I)   The  integral 

/*■ 

Sin  mx  .  Sin  nx  .  dx  =  0 (4) 


X' 


except  when  m  =  n,  in  which  case  it  becomes 


x 


Sin2  nx ,  dx  =  r; 
o  2 


(5) 


(II)   The  same  holds  true  when  cosines  are  sub- 
stituted for  sines. 
(Ill)   The  integral 


x 


Sin  mx  .  Cos  nx  .  dx  =  0 


(6) 


Fig.  458.  The  re- 
lation  between 
a  harmonic  and 
its  sine  and 
cosine  compo- 
nents. 


£ 


whether  m  —  n,  or  not,  provided  both  m  and  n  are 
odd  numbers,  as  is  the  case  in  the  problem  under 
consideration.  A  proof  of  the  above  propositions  is 
given  in  §  601  below. 

In  order  to  eliminate  all  the  coefficients  in  the 
expression  (1),  except  Any  both  sides  of  the  equation 
are  multiplied  by  Sin  nx,  and  integrated  between  the 
limits  0  and  x.     This  gives 


y  Sin  nx  .  dx  =  0  -f  0  -f 


+  An 


5^o  +  o 


or 


Similarly 


AH  =  -  /      y  Sin  nx  .  dx 

7TJq 

2  Cw 

B„  =-  I     t/Cos  nx  .  dx 
7:Jo 


(7) 


(8) 


where  n  =  1,  3,  5,  etc.,  according  to  which  harmonic  is  desired  to  be 
calculated. 

These  integrals  mean  a  summation  of  an  infinite  number  of  products, 
such  as  y  Sin  nx  and  y  Cos  nx.  In  applying  these  expressions  in 
practice,  one  must  be  satisfied  with  a  finite  number  of  terms,  and  use  an 
ordinary  summation  instead  of  integration.*     We  obtain,  then: 

*  There  are  mechanical  wave-analyzere  on  the  market,  by  means  of  which  the 
values  of  A  and  B  are  obtained  by  merely  tracing  the  given  wave  with  a  point, 
as  with  a  plani meter. 
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*« 


v 

B    -  ?  X  .V  Cosnx .  -  -  -2 — . 
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(9) 


(10) 


where  q  is  the  number  of  parts  into  which  180°  is  subdivided  (Fig.  454). 
The  formulae  (9)  and  (10)  are  those  used  in  practice  for  analyzing 
alternating-current  waves,  as  is  explained  below. 


Fig.  464.  The  sine  and  cosine  components  of  a  fifth  harmonic. 
600.  The  Use  of  Analyzing  Tables.  —  Suppose  it  to  be  desired  to 
separate  the  fifth  harmonic  of  the  current  wave  PQR  shown  in  Fig.  454. 
The  base  line  PR  is  divided  into  a  certain  number  of  equal  parts, 
so  as  to  take  into  account  the  most  pronounced  irregularities  of  the 
wave.  In  the  case  shown,  180  degrees  is  divided  into  36  parts,  corre- 
sponding to  a  distance  of  5  degrees  between  the  ordinates,  or  q  =  36. 
The  angular  distance  of  5  degrees  for  the  fundamental  wave  corre- 
sponds to  an  electric  phase  angle  of  25  degrees  for  the  fifth  harmonic. 
Thus  we  have,  according  to  equation   (9) : 

1      |  yx  Sin  25°  +  y2  Sin  50°  +  y9  Sin  75°  +    .     .    (11) 


As  = 


i.36 


B5  =  r-^g  J  yx  Cos  25°  +  y2  Cos  50°  +  y9  Cos  75°  + 


(12) 
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where  ylt  y2,  yzt  etc.,  are  the  measured  ordinates  of  the  curve  PQRf 
beginning  with  the  first  division  after  the  point  P.  The  amplitudes  A5 
and  B5  can  be  calculated  from  these  expressions,  and  then  the  total 
fifth  harmonic  and  its  phase  position  may  be  determined,  as  shown  in 
Figs.  452  and  453. 

The  values  of  sines  and  cosines  in  the  equations  (11)  and  (12)  are  the 
same  with  all  curves,  provided  the  number  of  ordinates  q  =  36  is  the 
same.  Therefore,  it  is  convenient  to  have  the  values  of  sines  and 
cosines  tabulated  once  for  all,  and  merely  multiply  them  with  the  ordi- 
nates ylf  y2,  y3f  etc.,  of  a  given  curve.  Such  tables  for  the  fundamental 
wave,  the  third,  the  fifth,  and  the  seventh  harmonics  are  given  below. 
Similar  tables  may  be  prepared  for  any  desired  number  of  higher 
harmonics.  Having  tables  of  this  kind,  the  calculation  of  the  values  of 
amplitudes  A  and  B,  according  to  the  equations  (9)  and  (10)  is  much 
simplified:  The  measured  ordinates  y  are  entered  in  column  5  and 
multiplied  with  the  sines  in  column  1.  The  results  are  written  down 
in  columns  2  and  3;  the  positive  and  the  negative  products  are  summed 
up  separately.    Then,  according  to  equation  (9)  we  have 

4. -s(2' -  20 <m> 

pos.  neg. 

In  a  similar  way,  by  using  the  cosines  in  column  6,  the  following  expres- 
sion is  obtained  for  the  amplitude  BM: 

POS.  D6g. 

If  a  large  number  of  curves  are  to  be  analyzed,  it  is  convenient  to 
have  the  tables  on  pp.  632-635  mimeographed  or  printed  so  as  to  avoid 
copying  the  values  of  sines  and  cosines  for  each  curve.* 

Having  calculated  AH  and  Bn  for  a  harmonic,  its  amplitude  Cn  and 
the  phase  angle  a„  are  determined  from  the  equations  (3),  or  con- 
structed graphically,  as  in  Fig.  453.  If  An  is  positive  and  Bm  is 
negative,  as  is  assumed  in  Fig.  454,  the  angle  an  is  less  than  90  degrees, 
and  the  harmonic  wave  crosses  the  axis  of  abscissae  to  the  right  of 
the  given  curve  (Fig.  452).  If  Bn  is  positive,  aM  is  again  less  than  90 
degrees,  but  the  harmonic  wave  crosses  the  axis  of  abscissae  to  the  left 
of  the  fundamental.  If  A n  is  negative  (sine  wave  reversed),  a.  is 
between  90  degrees  and  180  degrees,  lagging  or  leading,  according  to 
whether  Bn  is  positive  or  negative. 

*  Extra  copies  of  these'  tables  may  be  had  of  the  publishers,  Messrs.  John 
Wiley  &Sons. 
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601.   Proof  of  Formulae  (4),  (5),  and  (6).  — The  expressions  (4), 
(5)  and  (6)  may  be  proved  by  direct  integration,  having  previously 
substituted  a  sum  or  a  difference  of  trigonometrical  functions  for  their 
product.    Thus,  we  have : 

Cos  (m  —  n)z  —  Cos(  m  +  n)z  =»  2  Sin  mx  Sin  nx, 

so  that  the  integral  (4)  is  reduced  to 

£  /     Cos  ( m  —  n)  xdx  —  £  /     Cos  ( m  +  n )  x  dx. 

This,  after  integration,  gives: 

-  ["Sin  (m  —  n)  xlw  _  .  ["Sin  (m  +  n)  si* 
*L       (»-n)    Jo      *[_  w  +  n    J, 

Each  of  these  expressions  is  separately  equal  to  zero,  which  proves 
equation  (4). 

When  m  «■  n,  the  above  expression  becomes  indeterminate,  so  that 
equation  (5)  toust  be  proved  separately.    We  have 

Sin'ns-  1-Cob2"*; 
consequently 

The  second  term  on  the  right  side  is  equal  to  zero;  the  first  term  gives  J  iz. 
This  proves  equation  (5). 

Equation  (6)  is  proved  on  the  basis  of  the  relation: 
Sin  (m  +  n)  x  +  Sin  (m  —  n)  x  =  2  Sin  mx  Cos  nx. 

After  integration,  we  obtain: 

«  ["Cos  (m  +  n)  si*  ,   ,  ["Cos  (m  —  n)  afl* 
[       m  -  n       J0         [         m  -n      Jo 

According  to  the  conditions  of  the  problem  both  m  and  n  are  odd 
numbers  (order  numbers  of  harmonics):  consequently  (m  +  n)  and 
(m  —  n)  are  ewn  numbers.  But  cosine  of  an  even  multiple  of  n  is 
always  equal  to  1.  Therefore,  each  of  the  above  terms  is  separately 
equal  to  zero.    This  proves  equation  (6). 

APPENDIX. 

The  following  tables  of  Sines  and  Cosines,  are  arranged  for  separating 
complex  waves  into  harmonics  —  see  Expressions  (13)  and  (14): 
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S 

4 

5 

S 

T       8 

Sin  3i 

Products  y  gin  3  x 

No. 

Measured  i 
Ordinate*  y 

Cos  3x 

Products  y  oos  3  x 

(positive) 

(negative) 

(positive) 

(negative) 

.2588 

1 
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*  1 
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.7071 

s  ;       1 
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CHAPTER  XXVIII. 
ELECTRIC  BATTERIES. 

602.  Electric  batteries  are  devices  for  generating  eiectnc  current 
by  means  of  chemical  reactions.  Or,  in  more  scientific  language,  they 
are  devices  "for  the  conversion  of  the  potential  energy  of  chemical 
separation  into  the  energy  of  an  electric  current "  (Carhart) 

A  battery  consists  of  two  electrodes  of  different  substances  immersed 
in  a  liquid  (or  a  paste,  as  in  dry  batteries).  With  proper  materials,  an 
e.m.f.  is  produced  between  the  electrodes,  and  if  the  circuit  is  closed, 
the  battery  becomes  a  source  of  power. 

The  production  of  current  is  accompanied  by  chemical  reactions  in 
the  cell  itself:  The  plates,  or  electrodes,  and  the  solution  (elect rolyte) 
are  gradually  changed,  and  finally  become  neutral  with  respect  to  each 
other;  here  the  reaction  stops,  and  the  cell  is  said  to  be  completely 
discharged  or  exhausted. 

Some  kinds  of  cells  require  renewing  of  the  plates  and  of  the  solution 
in  order  to  be  able  again  to  generate  current.  Others  need  only 
recharging,  by  an  electric  current  sent  through  the  battery  in  the 
opposite  direction;  this  current  reduces  the  elements  of  the  cell 
to  their  original  state.  Batteries  of  the  first  type  are  called  primary 
batteries;  the  latter,  —  secondary  or  storage  batteries.  The  reason 
for  these  names  is  that  in  the  first  type  of  batteries  electric  current 
is  obtained  directly  from  the  chemicals  constituting  the  cell;  whereas 
a  storage  battery  merely  returns  the  electric  power  previously 
put  into  it. 

Primary  batteries  are  used  only  where  comparatively  small  amounts 
of  energy  are  required,  and  the  service  is  intermittent:  For  instance,  in 
bell  and  telephone  work;  in  telegraph,  signal  and  alarm  service;  for 
igniting  gas  engines,  etc.  Storage  batteries  are  used  somewhat  for  the 
same  class  of  work,  but  their  principal  field  of  application  is  in  light 
and  power  stations,  in  electric  railway  substations,  etc.,  where  it  is  of 
advantage  to  store  large  amounts  of  electrical  energy  during  periods 
of  small  demand,  and  use  it  during  periods  of  large  demand.  Moreover 
a  storage  battery  is  an  excellent  reserve  in  case  of  an  accident  to  the 
generating  machinery. 

036 
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PRIMARY   BATTERIES. 

603.  The  following  types  of  primary  batteries  are  in  most  common 
use  in  this  country: 

(1)  Gravity  Cell; 

(2)  LeclanchS  Cell; 

(3)  Edison  Cell; 

(4)  Dry  Batteries. 

The  general  features  of  these  cells  are  described  below;  instructions 
for  installing  the  cells  and  detailed  recipes  of  chemicals  usually  accom- 
pany "wet "  batteries. 

604.  Gravity  Cell.  —  The  positive  electrode  is  of  zinc,  and  is  placed 
in  the  top  of  the  cell.  The  negative  electrode  is  of  copper,  and  is  placed 
on  the  bottom  of  the  jar.  The  copper  electrode  is  surrounded  with 
crystals  of  copper  sulphate  (CuSO*),  known  commercially  as  blue  vitriol 
or  bluest  one;  the  jar  is  filled  with  water.  A  little  sulphuric  acid,  or 
better,  a  weak  solution  of  zinc  sulphate  (ZnSO*),  is  added  on  top  of  the 
water. 

During  the  action  of  the  battery,  zinc  (Zn)  replaces  copper  (flu)  in 
copper  sulphate;  zinc  sulphate  is  formed  in  the  upper  part  of  the  jar. 
Metallic  zinc  gradually  disappears,  and  metallic  copper  is  deposited  on 
the  copper  electrode. 

The  name  "gravity  cell"  is  due  to  the  fact  that  copper  sulphate  solu- 
tion is  kept  below  zinc  sulphate  without  mixing  with  it,  merely  because 
of  the  difference  in  the  specific  gravities  of  the  two  solutions.  The 
separating  "blue  line"  must  be  kept  about  midway  between  the 
electrodes. 

605.  Leclanche  Cell.  —  The  positive  electrode  is  again  of  zinc,  the 
negative  consists  of  carbon  surrounded  with  peroxide  of  manganese 
(Mn02).  A  solution  of  sal  ammoniac  (NH4CI)  is  used  as  electrolyte. 
When  the  circuit  is  closed,  zinc  (Zn)  displaces  ammonium  (NH4)  in  the 
solution,  forming  zinc  chloride  {ZnCV).  The  ammonium  breaks  up  into 
ammonia  gas  (NH3),  which  either  unites  with  water  or  escapes,  and 
free  hydrogen  (H) ,  which  is  liberated  at  the  surface  of  the  carbon. 

Without  peroxide  of  manganese,  this  hydrogen  would  soon  com- 
pletely "polarize"  the  battery:  Bubbles  of  hydrogen  surrounding 
the  carbon  would  form  a  layer  of  considerable  electrical  resistance  and 
of  an  appreciable  counter-e.m.f.  In  the  presence  of  peroxide  of 
manganese,  which  is  rich  in  oxygen,  hydrogen  unites  with  the  oxygen 
and  forms  water.  For  this  reason,  manganese  peroxide  is  called  a 
"depolarizer." 

.  This  depolarizer,  being  solid,  does  not.  act  promptly  enough,  so  that 
the  cell  requires  periods  of  rest  between  periods  of  action.    Therefore, 
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the  Leclanch6  cell  is  suitable  for  open-circuit  work  only,  such  as  bell  or 
telephone  service,  where  the  circuit  is  closed  for  short  intervals,  and 
sufficient  time  of  rest  is  afforded  for  the  depolarizer  to  oxidize  the 
hydrogen. 

606.  Edison  Primary  Battery.  —  The  elements  employed  in  this 
battery  are:  zinc  (Zri)  and  black  oxide  of  copper  (CuO),  in  a  solution  of 
caustic  soda  (NaOH).  A  layer  of  heavy  mineral  oil  is  poured  on  top 
of  the  solution,  to  prevent  it  from  creeping  up  the  zinc  plates. 

When  the  circuit  is  closed,  the  water  of  the  solution  is  decomposed 
into  nascent  oxygen  and  hydrogen.  The  oxygen  goes  to  the  zinc  plate 
and  unites  with  it,  forming  oxide  of  zinc.  This,  in  its  turn,  is  dissolved 
by  the  caustic  soda  solution,  forming  zincate  of  soda  (Na2Zn03).  The 
hydrogen  unites  with  the  oxygen  contained  in  the  oxide  of  copper 
plate,  forming  water  and  leaving  behind  metallic  copper.  As  the  oxide 
plate  is  porous,  this  action  goes  on,  when  the  battery  is  in  service,  until 
the  oxide  plate  is  reduced  throughout  its  entire  mass  to  metallic  copper 
in  a  finely  divided  state. 

Thus,  in  this  cell,  copper  oxide  acts  as  the  negative  plate,  and  at  the 
same  time  as  a  very  effective  depolarizer  for  hydrogen.  Therefore 
the  Edison  battery  is  very  well  adapted  for  closed-circuit  work.  In 
fact,  it  has  a  greater  capacity  for  work  per  unit  weight  than  any  other 
battery  on  the  market,  either  primary  or  secondary. 

607.  Dry  Batteries.  —  The  solutions  present  in  the  above-described 
"wet "  batteries  are  objectionable  in  some  cases,  making  the  battery 
rather  difficult  to  handle;  moreover,  renewals  require  some  skill  and 
experience.  This  circumstance  led  to  the  introduction  of  so-called  dry 
batteries,  which  in  many  instances  have  replaced  wet  batteries,  and 
are  constantly  increasing  in  public  favor. 

A  dry  cell  is  set  up  in  the  factory  and  sealed;  when  it  is  exhausted 
in  use,  it  is  simply  replaced  by  a  new  cell;  no  renewals  being  attempted. 
Strictly  speaking,  these  batteries  are  not  dry,  but  the  active  solution  is 
held  absorbed  by  some  porous  substance,  in  the  form  of  a  paste.  Being 
sealed,  the  cell  is  as  convenient  for  handling,  as  if  it  were  actually  dry. 

In  their  chemical  action  the  dry  batteries  are  similar  to  the  Leclanche 
cell,  described  above.  The  containing  cup  is  made  of  zinc,  and  serves 
as  positive  electrode.  The  negative  electrode  is  a  vertical  carbon  rod 
in  the  center  of  the  cell.  The  intervening  space  is  filled  with  a  mixture 
of  peroxide  of  manganese,  powdered  carbon  and  some  moisture- 
retaining  material,  such  as  sawdust.  The  whole  is  saturated  with  a 
solution  of  sal  ammoniac  and  the  cell  is  sealed.  The  principal  reaction, 
as  in  the  Leclanche  cell,  consists  in  the  formation  of  zinc  chloride  and 
in  depolarization  of  hydrogen  by  the  peroxide  of  manganese.     Various 
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binding  and  other  substances  are  usually  added  to  the  paste  by  different 
manufacturers,  and  the  actual  reactions  are  more  complicated  than 
the  one  described  above. 

608.  Testing  Primary  Batteries.  —  The  most  important  operating 
characteristics,  for  which  primary  batteries  are  usually  tested,  are  : 

(1)  Internal  e.m.f.  and  terminal  voltage. 

(2)  Internal  resistance. 

(3)  Amount  of  polarization  and  promptness  of  recovery. 

(4)  Useful  life  under  given  conditions  of  service. 
These  tests  are  described  below  in  detail. 


Fig.  455.    Electrical  connections  for  testing  a  battery. 

609.  Measurement  of  Electromotive  Force.  —  The  electromotive 
force  on  open  circuit  and  the  terminal  voltage  on  closed  circuit  are 
measured  with  any  ordinary  voltmeter  (Fig.  455),  unless  even  a  small 
voltmeter  current  appreciably  alters  the  condition  of  the  cell.  Good 
modern  voltmeters  take  but  0.01  ampere  with  full-scale  deflection,  so  that 

8^ 
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Fio.  466.    Measuring  the  voltage  of  a  battery  by  means  of  a  condenser  and  a 
ballistic  galvanometer. 

this  current  may  be  considered  negligible  under  ordinary  circumstances 
(except  in  standard  cells;  see  §  62). 

If  such  is  not  the  case,  the  voltage  may  be  measured  as  is  shown 
in  Fig.  456:  A  condenser  C  is  connected  across  the  terminals  of  the 
battery  Ba.  under  test,  and  charged  at  the  battery  voltage  by  press- 
ing to  the  right  the  two-way  key  shown  above  the  condenser. 
Then  the  condenser  is  discharged  through  the  ballistic  galvanometer 
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Ga.  (§  139)  by  pressing  the  key  to  the  left;  the  deflection  is  noted. 
Then  the  same  condenser  is  charged  by  a  standard  cell  and  again  dis- 
charged through  the  galvanometer.  The  ratio  of  the  deflections  gives 
the  ratio  of  the  voltages  compared.  As  the  voltage  of  the  standard 
cell  is  known,  the  voltage  of  the  cell  under  test  may  be  calculated. 

If  very  accurate  results  are  required,  the  voltage  of  the  cell  under 
test  is  compared  to  that  of  the  standard  cell  by  means  of  a  potentio- 
meter (see  §  63). 

610.  Measuring  Internal  Resistance.  —  Suppose  the  e.m.f.  of  a 
battery  on  open  circuit  to  be  E;  let  the  terminal  voltage  be  e  when  the 
battery  is  closed  on  an  external  resistance  R  (Fig.  456).  Then  the 
unknown  internal  resistance  x  of  the  battery  may  be  determined  from 
the  conditions  that  the  current 

t  =  —  and  also  %  — , 

R  x 

or 


whence 


In  reality  the  drop  (E  —  e)  is  due  not  only  to  the  internal  resistance, 
but  also  to  the  counter-e.m.f.  of  polarization,  which  increases  with 
time  (Fig.  457).  Therefore,  in  performing  the  above  test,  it  is  essential 
to  measure  the  voltage  e  immediately  upon  closing  the  circuit,  before  any 
polarization  has  set  in.  Besides  this,  the  cell  should  have  had  a  suffi- 
cient period  of  rest,  in  order  that  all  previous  polarization  may  have 
been  removed.  The  measurements  may  be  conveniently  performed 
with  the  connections  shown  in  Fig.  456.  The  voltage  at  no  load  is 
read  by  charging  and  discharging  the  condenser  with  the  two-way  key, 
having  the  switch  S  open.  Then  the  two-way  key  is  pressed  to  the 
right,  the  switch  S  is  closed,  and  immediately  afterward  the  key  is 
again  pressed  to  the  left.  The  galvanometer  deflection  gives  the  terminal 
voltage  e.  The  galvanometer  is  supposed  to  be  calibrated,  as  before, 
with  a  standard  cell. 

The  resistance  of  a  battery  cannot  be  measured  with  an  ordinary 
Wheatstone  bridge,  because  the  e.m.f.  of  the  battery  would  entirely 
vitiate  the  result.  One  way  out  of  this  difficulty  is  to  measure  the 
resistance  of  two  identical  cells  connected  in  opposition,  so  that  their 
e.m.f.'s  destroy  each  other.  Another  method  is  to  use  a  Wheatstone 
bridge  with  alternating  currents  (see  §  21). 
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611.  Polarization  and  Recovery  Tests. — The  connections  are  made 
as  in  Fig.  455,  or  as  in  Fig.  456,  according  to  whether  or  not  it  is  permis- 
sible to  use  a  voltmeter  (see  §  609).  The  battery  is  closed  on  a  certain 
resistance  R,  and  terminal  voltages  are  measured  at  stated  intervals,  with 
the  switch  S  closed  and  open.    The  results  are  plotted  as  in  Fig.  457. 

The  curve  marked  "Terminal  Volts  "  refers  to  the  readings  with  the 
circuit  closed;  the  curve  marked  "Internal  e.m.f.  on  Closed  Circuit " 
gives  voltmeter  readings  immediately  after  the  switch  S  has  been 
opened.    The  current  is  read  directly  on  an  ammeter;  the  internal 


Pig.  457.    Performance  curves  of  a  primary  battery. 

resistance  of  the  battery  (§  610)  is  calculated  by  dividing  the  differ- 
ences of  the  ordinates  of  the  two  voltage  curves  by  the  corresponding 
currents.  The  circuit  must  be  open  just  long  enough  to  read  the 
voltmeter,  and  then  closed  again. 

At  the  end  of  a  certain  period  of  time,  say  one  or  two  hours,  the 
circuit  is  permanently  opened,  and  the  battery  allowed  to  recover  from 
polarization.     The  voltage  gradually  rises  as  shown  by  the  upper  curve. 

The  test,  in  order  to  be  conclusive,  must  be  repeated  on  several  cells 
of  the  same  type,  and  with  various  rates  of  current;  also  with  the  bat- 
teries closed  for  different  lengths  of  time. 
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612.  Useful  Life  of  Primary  Batteries.  —  The  useful  life  of  a 
battery  depends  essentially  on  the  character  of  service  for  which  it  is 
used;  therefore  the  test  for  life  must  approximate,  as  far  as  possible, 
the  actual  conditions  of  service.  If  the  battery  is  intended  for  closed- 
circuit  work,  it  is  closed  during  the  test  on  a  resistance  equal  to  that 
of  the  apparatus  which  it  is  intended  to  supply,  and  is  kept  in  the 
circuit  until  the  current  falls  below  that  sufficient  for  the  purpose. 

In  testing  open-circuit  batteries,  the  circuit  must  be  periodically 
closed  and  opened,  in  order  to  give  the  battery  time  to  recover  from 
polarization.  It  is  convenient  to  have,  for  such  a  test,  a  clock  pro- 
vided with  contacts  on  its  face:  the  minute  hand  carries  a  wiping  con- 
tact which  closes  the  circuit  for  a  few  minutes  at  desired  intervals  of 
time.  If  several  cells  are  tested  simultaneously,  the  circuit  of  each 
cell  is  closed  by  a  separate  relay.  All  the  relays  are  connected  in  series 
and  are  operated  from  an  auxiliary  battery:  the  clock  merely  closes 
the  circuit  of  this  battery. 

Terminal  volts  are  plotted  to  days  of  service  as  abscissae,  until  the 
end  of  the  useful  life  of  the  cell.  Such  curves,  plotted  for  competitive 
makes  of  batteries,  permit  the  selection  of  the  one  most  suitable  for 
the  service. 

Some  prefer  to  keep  the  current  constant  during  the  life  test,  instead 
of  keeping  constant  resistance.  An  advantage  of  this  method  is  that 
the  test  is  shorter;  at  the  same  time  it  is  fair,  because  all  the  competi- 
tive cells  are  tested  under  identical  conditions. 

613.  EXPERIMENT  28-A.  —Testing  Primary  Batteries.  —  The 

tests  are  described  in  §§  608  to  612.  The  characteristics  of  the  prin- 
cipal types  of  primary  batteries  may  be  found  in  §§  603  to  607.  (a) 
Measure  the  internal  resistance  of  the  cell  by  the  three  methods 
described  in  §  610.  (6)  Perform  a  short  polarization  and  recovery- 
test,  described  in  §  611  and  represented  by  the  curves  in  Fig.  457. 
The  life  test  could  not  be  performed  during  a  laboratory  period;  but 
it  is  advisable  to  keep  in  the  laboratory  a  few  cells  on  life  test,  as 
described  in  §  612,  and  let  each  student  enter  his  readings  on  the 
permanent  log. 

Report.  Give  the  internal  resistance  Of  the  cells  tested;  plot  per- 
formance curves,  similar  to  those  in  Fig.  457.  Make  rough  sketches  of 
the  batteries  experimented  with  and  mark  the  substances  used  in  them; 
also  give  the  principal  chemical  reactions  in  the  form  of  equations. 

CHARACTERISTICS    OF   STORAGE    BATTERIES. 

614.  Storage  batteries  (also  called  electric  accumulators)  are  devices 
used  for  storing  electrical  energy  (in  chemical  form),  which  may  be 
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delivered  at  a  later  time.  The  part  which  storage  batteries  play  in  the 
distribution  of  electrical  energy  is  much  the  same  as  that  played  by  a 
water  storage  tank  in  water  supply  systems  (Figs.  458  and  459) .  Without 
the  tank  the  pumps  have  to  supply  a  variable  demand;  their  capacity 
must,  therefore,  be  sufficient  for  the  maximum  demand.  Moreover  they 
must  be  operated  24  hours  a  day,  the  power  consumption  is  much  in- 
creased and  the  efficiency  consequently  reduced,  to  say  nothing  of  the  ex- 
cessive mechanical  strains  imposed  by  sudden  variations  of  the  load.  A 
water  tank  of  sufficient  capacity  remedies  all  this;  the  capacity  of  the 
pumps  needs  to  be  sufficient  for  the  average  demand  only,  and  they  may 
be  operated  at  practically  full  load.    When  the  demand  is  below  the 


Fig>  458.     A  water-supply  plant,  analogous  to  an  electric  plant  with  a  storage 

battery. 


average,  the  excess  of  water  pumped  simply  raisea  the  level  in  the  tank. 
When  the  demand  is  above  the  average,  the  tank  supplies  the  neces- 
sary excess  of  water  into  the  city  mains.  In  addition  to  this,  the 
tank  allows  a  more  constant  pressure  to  be  maintained  in  the  mains, 
with  variable  load.  Similarly,  in  an  electric  power  house  without 
storage  batteries,  the  generators  have  to  supply  the  variable  demand 
and  are  subjected  to  all  the  disadvantages  resulting  therefrom,  viz., 
their  capacity  must  be  sufficient  for  the  heaviest  overloads  which  may 
occur,  the  machines  must  be  operated  24  hours  a  day  or  at  least  as  long 
as  there  is  even  the  smallest  demand  for  light  and  power;  the  engines 
are  subjected  to  severe  mechanical  strains  and  are  working  under  the 
most  unfavorable  conditions,  as  far  as  efficiency  is  concerned  —  namely, 
at  variable  load. 
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When  a  storage  battery  is  connected  in  parallel  with  the  generators 
(Fig.  459)  the  latter  need  have  a  capacity  sufficient  only  for  the  average 
daily  load,  and  may  be  worked  practically  all  the  time  at  this  load. 
When  the  load  is  below  normal,  the  excess  energy  is  sent  into  the 
batteries,  charging  them.  At  the  hours  of  maximum  demand  (peaks 
of  the  load),  the  battery  discharges  into  the  line  in  parallel  with  the 
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Fio.  4;V.».     A  generator  and  a  storage  battery  supplying  a  line  in  parallel. 

generators.  During  the  hours  of  very  small  demand  the  engines  may 
even  be  shut  down,  the  battery  alone  supplying  the  current.  The 
efficiency  of  the  plant  is  thus  increased,  and  a  steadier  pressure  main- 
tained with  fluctuating  loads. 
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Fio.  460.     Effect  of  a  battery  in  steadying  generator  load. 


Fig.  460  shows  the  effect  of  a  storage  battery  in  steadying  the  gener- 
ator load;  while  the  total  load  varies  between  150  and  850  amperes,  the 
generator  load  is  kept  at  an  average  of  between  350  and  400  amperes. 
Fig.  461  illustrates  the  influence  of  a  storage  battery  in  maintaining  a 
constant  voltage.  Without  the  battery  the  voltage  fluctuates  between 
108  and  122  volts;  the  battery  limits  the  fluctuations  between  113  and 
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118   volts.     Both  diagrams  represent  actual  curves,  observed  experi- 
mentally in  certain  power  houses. 

The  limitations  which  at  present  prevent  the  universal  use  of  storage 
batteries  are:  (1)  their  comparatively  high  first  cost  and  depreciation; 
(2)  additional  complications  resulting  from  extra  apparatus  needed  for 
controlling  and  charging  the  batteries,  and  (3)  the  amount  of  care 
required  in  their  maintenance.  There  are  many  cases,  however, 
especially  in  city  electric-railway  work,  where  the  advantages  gained 
by  the  use  of  batteries  by  far  outweigh  the  disadvantages;  in  such  cases 
storage  batteries  are  extensively  used. 
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Fig.  461.    Effect  of  a  battery  in  steady ing  the  line  voltage. 


615.   Construction  and  Chemical  Action  of  Storage  Batteries.  — 

An  electric  storage  cell  is  a  voltaic  couple,  in  which  plates  of  spongy 
lead  (Pb)  and  peroxide  of  lead  (Pb02)  are  used  as  active  materials 
(Fig.  462).  These  plates  are  immersed  in  dilute  sulphuric  acid  ( H2S04) 
which  acts  as  an  electrolyte.  When  the  battery  discharges,  both 
active  materials  are  partially  converted  into  lead  sulphate  (PbSO*), 
and  the  acid  thus  becomes  more  dilute.  On  charging,  a  reverse  action 
takes  place,  the  plates  being  again  reduced  to  lead  peroxide  (positive 
plate)  and  spongy  lead  (negative  plate).  The  specific  gravity  of  the 
electrolyte  increases  to  its  normal  value,  and  the  battery  is  again  ready 
for  discharge. 
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These  chemical  changes  may  be  represented  by  a  formula,  thus: 

charge 


Pb02  +  Pb  +  2H2S04  =  2PbS04  +  2H20. 
discharge 


In  reality  the  chemical  reactions  are  much  more  complicated  and  are 
hardly  known  at  present  in  all  details.  The  above  fundamental  equa- 
tion is  however,  sufficient  for  a  general  understanding  of  the  operation 
of  storage  batteries. 


Fig.  462.    "  Chloride  "  positive  and  negative  plates,  and  a  separator. 

The  plates  shown  in  Fig.  462  represent  one  of  the  types  used  by  the 
Electric  Storage  Battery  Co.  The  negative  plate  to  the  right  consists 
of  a  flat  chamber  made  of  two  thin  perforated  lead  sheets,  filled  with 
active  material.  The  positive  plate  to  the  left  consists  of  a  supporting 
grid  with  buttons  rolled  from  lead  ribbon  inserted  in  it.  A  wooden 
separator  is  shown  to  the  left. 

Impurities  in  lead  and  in  the  electrolyte  produce  local  chemical 
action  which  may  ruin  the  plates.  It  is  important,  therefore,  to  use 
pure  materials.  The  manufacturers  insist  in  particular  that  chemically 
pure  sulphuric  acid  and  distilled  water  be  used. 

There  are  two  types  of  battery  plates,  called  Plants  type  and  Faure 
type,  after  their  respective  inventors.  In  Plants  plates  the  active 
materials,  spongy  lead  and  lead  peroxide,  are  "formed  "  on  the  plates 
themselves,  by  successive  charge  and  discharges,  or  by  chemical  action. 
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In  the  Fame  or  "  pasted  "  plates  the  active  materials  are  applied 
mechanically  to  a  supporting  grid;  this  grid  is  of  lead;  it  supports  the 
active  materials  and  conducts  the  current  to  the  terminals.  The 
pasted  materials  usually  require  some  formation  by  electrical  or  chemi- 
cal processes  before  they  are  brought  to  their  final  form. 

For  details  of  construction  of  various  types  of  plates  and  of  the  manu- 
facturing processes  the  reader  is  referred  to  Lamar  Lyndon's  Storage 
Battery  Engineering,  pp.  103-155. 

616.  Voltages  during  Charge  and  Discharge.  —  A  fully  charged 
storage  cell  has  an  e.m.f.  of  a  little  over  2  volts  on  open  circuit.  If 
allowed  to  be  discharged  indefinitely  the  voltage  will  at  first  remain 


Pig.  463.    Curves  of  charge  and  discharge  of  a  storage  cell. 

practically  constant  at  about  2  volts,  then  will  gradually  fall  off,  at 
first  slowly  then  more  and  more  rapidly,  down  to  zero  (Fig.  463). 

The  voltages  given  in  the  curve  are  supposed  to  be  measured  while 
a  normal  discharge  current  is  flowing  through  the  cell.  The  voltage 
drop  in  the  cell  is  due  to  the  internal  resistance  of  the  cell  and  to 
some  polarization  on  the  surface  of  the  plates. 

A  complete  discharge  down  to  zero  voltage  would  be  impracticable, 
because  for  all  ordinary  purposes  the  terminal  voltage  of  the  battery 
must  be  constant  within  rather  narrow  limits.  Moreover,  such  a  com- 
plete discharge  would  ruin  the  battery.  The  reason  for  this  is  that 
lead  sulphate  (PbS04)  which  is  formed  during  discharge  is  practically 
an  insulator,  and  if  too  much  of  it  is  allowed  to  be  formed  on  the  plates, 
the  reduction  back  to  Pb  or  Pb02  is  very  difficult,  if  not  impossible. 
Enough  lead  or  lead  peroxide  must  remain  on  the  plates  to  keep  down 
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their  resistance.  Otherwise,  charging  current  cannot  flow  through  the 
active  material  and  effect  a  regeneration  of  the  battery. 

In  practice  it  is  considered  that  the  battery  requires  a  new  charge 
when  the  voltage  has  dropped  to  1.75  volts  (or,  better,  1.8  volts).  This 
voltage  is  measured  with  the  battery  supplying  a  current  which  corre- 
sponds to  the  eight-hour  rate  of  discharge  (see  §  619). 

When  the  battery  is  being  charged,  the  external  voltage  applied  at 
its  terminals  must  be  high  enough  to  overcome  the  counter-e.m.f.  of 
the  cell  and  to  force  the  charging  current  through  its  ohmic  resistance. 
At  the  beginning  of  a  charge  the  charging  voltage  is  a  little  above  2 
volts  per  cell.  As  the  battery  becomes  recuperated,  this  voltage  must 
be  gradually  increased;  until  at  the  end  of  the  charge  it  is  necessary  to 
apply  about  2.6  volts  in  order  to  get  full  charging  current  through  the 
cell.  The  end  of  the  charge  is  also  recognized  by  an  excessive  liberation 
of  gases  (boiling)  due  to  a  decomposition  of  water  in  the  solution. 

The  best  indication,  however,  of  a  complete  charge  is  that  the  specific 
gravity  of  the  acid  has  reached  its  maximum  and  remains  constant. 
Referring  to  the  fundamental  chemical  reaction,  given  in  §  615,  this 
means  that  all  sulphate  is  liberated  and  the  plates  consist  of  pure 
lead  and  lead  peroxide. 

617.  Capacity  of  Storage  Batteries.  —  The  capacity  of  a  cell,  or 
the  amount  of  electricity  that  it  can  give  on  discharge,  is  measured  in 
ampere-hours;  a  cell  which  can  supply  25  amperes  for  8  hours,  before 
the  lower  limit  of  the  e.m.f.  —  1.8  volts  (or  1.75  volts  for  some  makes) 
—  is  reached,  is  said  to  have  a  capacity  of  25  X  8  =  200  ampere-hours. 
Experience  shows  that  the  capacity  of  a  cell  depends  essentially  on  the 
rate  of  discharge.  The  more  rapid  the  discharge  the  less  is  the  capa- 
city; thus  the  above  cell,  if  discharged  at  a  rate  of  100  amperes,  would 
be  completely  discharged  in  one  hour  instead  of  two  hours.  There- 
fore, in  speaking  of  the  capacity  of  storage  batteries  it  is  always  necessary 
to  mention  the  number  of  hours  in  which  the  battery  is  supposed  to  bt 
discharged.  It  is  customary  to  rate  stationary  batteries  on  the  basis 
of  an  eight-hour  discharge,  and  batteries  used  on  electric  automobiles 
on  the  basis  of  a  four-hour  discharge.  Storage  batteries  used  in  electric 
railway  substations,  for  taking  up  fluctuations  of  the  load,  are  usually 
rated  on  the  arbitrary  basis  of  one-hour  discharge. 

If  a  battery  is  intended  to  be  discharged  within  a  shorter  period  of 
time  than  the  normal,  its  rated  capacity  must  be  reduced  in  a  ratio 
usually  given  by  the  manufacturer.  Roughly  speaking,  if  the  capacity 
is  100  per  cent  at  an  8-hour  rate,  it  is  about  93  per  cent  at  a  6-hour  rate, 
75  per  cent  at  a  3-hour  rate,  and  only  50  per  cent  at  a  1-hour  rate  (see 
table  in  §  619). 
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One  of  the  reasons  for  a  decrease  in  capacity  at  higher  rates  of  dis- 
charge is  that  the  electrolyte  cannot  circulate  as  rapidly  as  required, 
thus  diluting  the  acid  in  the  pores  of  the  plates  before  fresh  acid  can 
take  its  place.  Another  reason  is,  that  a  layer  of  lead  sulphate  is 
formed  on  the  surface  of  the  plates,  preventing  further  action. 

618.  Testing  Storage  Batteries.  —  The  principal  points  to  be  inves- 
tigated in  the  performance  of  a  storage  battery  are: 


a) 


(2) 


(3) 
(4) 
(5) 


Behavior  at  discharge. 

(a)   Variations  of  terminal  voltage. 

(6)   Variations  of  density  of  the  electrolyte. 

(c)    Influence  of  the  rate  of  discharge  on  capacity. 
Behavior  at  charge. 

(a)    Variations  of  terminal  voltage. 

(6)    Variations  of  density  of  the  electrolyte. 
Electrical  efficiency. 
Internal  resistance. 
Weights  and  dimensions  per  ampere-hour  output. 
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Fig.  464.     Connections  for  testing  a  storage  cell. 


There  are  a  few  more  practical  tests,  such  as  influence  of  temperature, 
loss  of  charge  by  local  chemical  action,  durability  in  service,  etc.,  which 
in  spite  of  their  importance  cannot  usually  be  performed  in  the  short 
time  allotted  to  students  in  the  laboratory. 

Connections  convenient  for  the  test  of  a  storage  cell  are  shown  in 
Fig.  464.  By  means  of  a  double-pole  double-throw  switch  the  battery 
B  can  be  connected  either  to  the  source  of  power  (for  charge)  or  to  a 
resistance  (for  discharge).  A  is  a  two-way  reading  ammeter,  V  is  a 
voltmeter  connected  across  the  battery  terminals. 

The  tests  above  enumerated,  are  descrit>ed  below  more  in  detail. 
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619.  Charge  and  Discharge  Characteristics.  —  The  cell  under 
test  must  be  fully  charged  before  beginning  the  experiment  on 
discharge  characteristics.  The  end  of  the  charge  is  best  recognized 
by  the  density  of  the  acid,  which  reaches  its  maximum  and 
remains  constant.  The  voltage  also  reaches  its  maximum  and 
remains  constant.  The  absolute  values  of  density  and  voltage  are 
usually  given  by  the  manufacturer  of  the  cell,  and  may  vary  within 
certain  limits. 

The  time  of  charging  should  not  be  less  than  three  hours  if  the 
battery  has  been  completely  discharged.  At  a  higher  rate  of  charging, 
the  electrolyte  heats  up  and  the  liberated  gases  cause  it  to  boil;  with 
the  result  that  active  material  is  washed  out  of  the  plates,  and  the 
useful  life  of  the  battery  is  thereby  reduced.  Below  this  extreme,  the 
amount  of  electrical  energy  necessary  for  charging  is  essentially  inde- 
pendent of  the  charging  rate. 

It  should  be  well  noted  that  the  acid  ought  to  have  the  prescribed 
density  when  the  battery  is  fully  charged.  The  density  may  be  cor- 
rected by  the  addition  of  distilled  water  or  of  acid,  as  the  case  may 
require:  this  should  be  done  only  when  the  battery  is  fully  charged, 
and  under  no  other  circumstances. 

After  the  battery  has  been  fully  charged,  the  switch  (Fig.  464)  is 
thrown  over  to  the  discharge  side.  The  current  is  adjusted  to  the 
desired  value  and  maintained  at  this  value  until  the  end  of  the  dis- 
charge. The  curve  of  voltage  on  discharge  has  the  general  aspect  as 
shown  in  Fig.  463:  it  drops  rapidly  at  the  beginning  and  at  the  end  of 
the  discharge,  and  remains  practically  constant  during  the  interval 
between.  Therefore,  readings  must  be  taken  every  few  minutes  at 
the  beginning  and  at  the  end  of  the  run;  a  few  check  readings  are 
sufficient  for  the  rest  of  the  time.  Read  volts,  density  of  acid  (on 
a  hydrometer)  and  its  temperature;  stir  the  liquid  before  reading  the 
hydrometer,  so  as  to  measure  the  true  average  density. 

The  constant  current  of  discharge,  multiplied  by  the  number  of  hours 
of  the  test  to  the  time  when  the  battery  is  considered  discharged,  gives 
the  ampere-hour  capacity  of  the  cell.    This  capacity,  multiplied  by 


Hours  Discharge. 

Final  Voltage. 

Belative  Value 
of  Current. 

Relatlye  Capacity  in 
Amp.  Hourt. 

8 
3 
1 

i 

1.75 
1.70 
1.60 
1.40 

1 
2 
4 

8 

8  (100%) 

6  (75%) 
4(60%) 
2}  (88}%) 
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the  average  voltage  during  discharge,  gives  the  watt-hour  capacity. 
The  test  may  be  repeated  with  various  rates  of  discharge,  and  the 
influence  determined,  which  the  time  of  discharge  has  on  the  capacity 
of  the  battery. 

The  table  on  the  preceding  page  gives  the  voltages  at  which  the 
discharge  should  be  stopped  (for  "  Chloride  "  batteries) .  In  every 
case  the  voltage  is  to  be  measured  with  a  discharge  current,  flowing 
at  the  corresponding  rate. 

620.  Cadmium  Tester.  —  In  order  to  ascertain  the  state  of  charge 
on  both  plates,  a  cadmium  tester  is  sometimes  used.  It  consists  of  a 
stick  of  pure  cadmium  placed  in  the  acid  of  the  cell  under  test.  It  is 
well  to  have  the  cadmium  protected  by  a  hard  rubber  tube  with  per- 
forations for  the  circulation  of  the  acid. 

At  the  end  of  the  charge  the  voltmeter  must  show  about  2.45  volts 
between  lead  peroxide  and  cadmium,  and  about  0.10  volt  between  the 
lead  plate  and  cadmium.  This  is  a  more  or  less  positive  indication  of 
the  end  of  the  charge.  The  voltage  between  the  two  plates  is  equal  to 
the  sum  of  the  two  readings: 

2.45  +  0.10  =  2.55  volts. 

The  same  tester  can  be  used  to  ascertain  the  end  of  discharge.  In  this 
case  the  voltages  are  +  1.95  and  —  0.20  volts  respectively;  the  battery 
voltage  is 

1.95  -  0.20  =  1.75  volts. 

In  case  it  is  found  that  one  of  the  plates  is  not  fully  charged,  the 
charge  must  be  continued  until  the  cadmium  tester  shows  the  required 
voltage.  Or,  if  it  is  feared  that  an  excessive  charge  may  damage  the 
other  plate,  the  plate  which  requires  additional  charging  may  be 
charged  in  a  separate  cell. 

A  cadmium  tester  gives  reliable  indications  in  the  hands  of  an 
experienced  observer,  especially  when  many  tests  are  made  on  batteries 
of  the  same  type.  Otherwise  it  is  safer  to  judge  of  the  state  of  the 
charge  from  the  acid  density  and  the  voltage. 

621,  Internal  Resistance.  — The  determination  of  the  true  ohmic* 
resistance  of  storage  batteries  is  rather  difficult  because  this  resistance 
is  very  small,  is  variable,  and  is  to  some  extent  masked  by  the  effect 
of  polarization.  Moreover,  it  is  not  the  true  resistance,  but  rather  the 
virtual  resistance  of  the  cell  that  is  interesting  to  the  user,  this  virtual 
or  equivalent  resistance  representing  the  total  drop  of  voltage  in  the 
battery,  due  to  whatever  causes.  The  simplest  method  to  determine 
the  resistance  R  of  a  cell  would  be  to  observe  the  voltage  E0  of  the 
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battery  on  open  circuit,  and  then  immediately  note  the  voltage  E  with 
a  certain  charging  current  /  flowing  through  the  battery.  Then, 
evidently, 

D      E  —  Eo 

«  =  — r. 

A  better  method  is  to  measure  two  terminal  voltages  Ex  and  Ev 
corresponding  to  two  different  values  /,  and  /2  of  charging  current. 
We  then  have 

(  Ex  -  V  -  Eo  -  BIt; 

\E2  -  p  -  E0  =  RI2; 

where  p  is  the  counter-e.m.f.  of  polarization.  Eliminating  p  and  solv- 
ing for  R,  we  obtain 

R  -  Ei  -  E2  . 
I    -  I 

An  objection  to  this  method  is  that  the  e.m.f .  p  of  polarization  is  not 
quite  constant  with  various  rates  of  charge.  Another  objection  is  that 
the  difference  Ex  —  E2  is  rather  small;  naturally,  this  impairs  the 
accuracy  of  the  result.  It  is  advisable  to  perform  a  large  number  of 
tests  with  various  values  of  7t  and  72  and  to  take  an  average  of  the 
calculated  values  of  R.  Experience  shows  that  more  consistent  results 
are  obtained  on  discharge  than  on  charge;  the  same  formula  is  used,  as 
that  given  above. 

Another  way  of  measuring  the  resistance  of  a  cell  is  the  so-called 
"  break  "  method  which  is  considered  by  some  to  be  more  reliable.  A 
certain  value  of  discharge  current  is  adjusted  through  the  cell,  and 
when  the  conditions  become  steady,  the  circuit  is  suddenly  opened. 
The  pressure,  as  shown  on  the  voltmeter,  rises  instantly  by  a  certain 
amount  and  then  continues  to  rise  gradually  as  the  polarizing  bubbles 
of  gas  disappear.  It  may  be  assumed  with  a  considerable  degree  of 
accuracy  that  the  first  (instantaneous)  rise  in  voltage  corresponds 
entirely  to  the  ohmic  drop,  since  the  bubbles  of  gas  are  evidently  the 
same  as  a  moment  before  when  the  circuit  was  closed.  From  this  rise 
in  voltage  and  the  current  formerly  flowing  through  the  battery,  the 
internal  resistance  can  be  calculated.  Suppose,  for  example,  that  the 
'voltage  rises  from  1.8  volts  to  1.9  volts  when  the  switch  is  opened,-  with 
100  amperes  flowing  through  the  battery.  The  resistance  of  the  cell 
is  0.1  +  100  =  0.001  ohm. 

622,    EXPERIMENT    28-B.  —Testing    Storage    Cells.  —  The 

experiment  is  performed  as  described  in  §§618  to  621.  The  readings 
during  charge  and  discharge  are  taken  at  comparatively  infrequent 
intervals;  it  is  possible,  therefore,  to  test  simultaneously  more  than  one 
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cell.  One  voltmeter,  and  one  milli- voltmeter  with  several  ammeter 
shunts,  are  sufficient  for  all  the  cells.  Some  of  the  cells  may  be  charg- 
ing while  others  are  discharging.  Tests  at  low  rates  may  be  continued 
throughout  several  consecutive  days  by  different  observers,  who  may 
work  out  the  results  together. 

At  the  end  of  the  experiment,  measure  all  the  dimensions  of  the  cell 
and  of  its  elements,  so  as  to  be  able  to  make  a  drawing  to  scale.  Deter- 
mine the  weight  of  the  plates,  of  the  electrolyte  and  of  the  complete 
cell.  Do  not  keep  the  negative  plates  out  of  the  liquid  longer  than 
necessary;  they  may  be  damaged  by  the  action  of  the  atmosphere. 

Report. 

(a)  Capacity  of  the  cell  tested,  in  ampere-hours  and  in  watt-hours 
at  various  rates  of  discharge. 

(6)  Corresponding  efficiencies,  both  for  ampere-hours  and  for  watt- 
hours;  which  latter  is  always  lower  than  the  former,  because  the  average 
voltage  is  lower  at  discharge  than  at  charge. 

(c)  Curves  of  variation  of  voltage  and  of  acid  density  at  charge  and 
at  discharge. 

(d)  Virtual  and  true  resistances  of  the  cell. 

(e)  Capacity  in  ampere-hours  per  pound  of  complete  cell;  also  per 
pound  of  plates. 

(/)  Charge  and  discharge  rates  in  amperes  per  square  foot  of  plate 
surface. 

(g)   A  complete  drawing  of  the  cell. 

OPERATION   AND    CONTROL   OF   STORAGE   BATTERIES. 

623.  Storage  batteries  are  usually  connected  in  parallel  with  genera- 
tors, as  shown  in  Fig.  459.  Auxiliary  apparatus  necessary  for  the 
operation  of  batteries  comprises: 

(a)    Switches,  circuit-breakers,  measuring  instruments,  etc. 

(6)  Means  for  charging  the  battery,  and  for  regulating  its  current 
and  voltage  on  charge  and  discharge. 

The  devices  mentioned  under  (a)  are  similar  to  those  used  with 
direct-current  generators  and  motors;  those  under  (6)  are  peculiar  to 
storage  batteries.  Various  methods  are  used  ic^^^^ng and  con- 
trolling the  output  of  batteries,  the  determining  factors  in  the  selection 
of  the  system  of  control  being: 

(a)   Purpose  of  the  battery; 

(6)   Its  size; 

(c)  Permissible  limits  of  current  and  voltage  fluctuations; 

(d)  Cost  of  the  system; 

(e)  Whether  hand  or  automatic  control  is  desired. 
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The  most  important  systems  of  control  in  practical  use  are  described 
in  the  following  articles,  beginning  with  the  simplest  system  and 
including  the  most  perfect  automatic  equipments. 

624.  Charging  Two  or  Three  Parts  of  a  Battery  in  Parallel.  — 
The  simplest  method  for  charging  and  regulating  storage  batteries  is 
shown  in  Fig.  465.  The  battery  is  divided  into  two  halves  which  are 
connected  in  series  for  discharging,  and  in  parallel  for  charging.  This 
is  done  in  order  to  secure  a  sufficient  voltage  for  charging,  without 
affecting  the  line  voltage,  maintained  by  the  generator.  An  example 
will  make  this  clearer.  Consider  a  battery  intended  for  an  ordinary 
.  110-volt  lighting  circuit:  The  voltage  of  each  cell  at  the  end  of  discharge 
is  about  1.8  volts;  therefore  the  number  of  cells  required  is  110  h-  1.8  = 
62.  But  the  voltage  necessary  with  this  number  of  cells  at  the  end  of 
a  charge  is  =  2.6  X  62  =  161  volts,  which  is  far  above  the  line  voltage. 


Line 


Bft.*l 


t r 


Discharge 
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Charge 
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line 


Fia.  465.    Charging  two  halves  of  a  storage  battery  in  parallel. 

With  the  battery  divided  into  two  halves  in  parallel,  only  80.5  volts 
are  required  for  charge;  the  excess  voltage  of  the  line  is  taken  up  by 
the  rheostat  R.  Battery  output  on  discharge  is  also  regulated  by  this 
rheostat.  This  method,  although  very  simple,  is  seldom  used  except 
in  small  installations,  where  the  loss  of  power  in  the  rheostat  is  not 
objectionable. 

A  more  economical  method  is  to  divide  the  battery  into  three  equal 
parts;  let  them  be  denoted  A,  B  and  C.  The  parts  A  and  B  are  first 
charged  in  series  for  one-half  of  the  time  necessary  for  full  charge;  then 
B  and  C  are  charged  in  series  for  one-half  of  the  time,  and  finally  C 
and  A  for  one-half  of  the  time.  Less  energy  is  wasted  in  the  resistances 
with  this  arrangement,  although  it  takes  longer  to  charge  the  batten*. 
The  voltage  at  the  end  of  the  charge  is  §  X  161  «  107  volts. 

Other  combinations  are  also  possible;  for  instance,  A  and  B  may 
be  connected  in  parallel  with  each  other  and  in  series  with  C.    The  set 
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is  charged  at  the  full  rate  until  C  is  completely  charged.  Then  C 
is  disconnected,  A  and  B  are  connected  in  series,  and  the  charge  is 
completed.  »vm.- 

625.    EXPERIMENT  28-C.  —  Charging  Batteries  in  Sections.  — 

Wire  up  the  two  halves  of  a  battery,  as  in  Fig.  465,  and  make  con- 
nections to  a  suitable  generator.  Provide  a  load  in  the  form  of 
adjustable  resistances,  and  operate  the  installation  under  the  following 
conditions,  viz.: 

(a)  Both  the  battery  and  the  generator  supplying  power  to  the 
line. 

(6)  The  battery  being  charged,  the  generator  at  the  same  time 
supplying  power  to  the  line. 

(c)  The  battery  alone  supplying  power,  the  generator  shut  down. 

(d)  The  generator  working  alone,  the  battery  being  disconnected 
for  inspection  and  repairs. 


I      Gen.      1 
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Fig.  466.     Use  of  a  single  end-cell  switch. 


For  each  of  these  conditions  select  a  few  characteristic  loads  (light 
load,  medium  load,  full  load  and  overload)  and  take  all  the  necessary 
ammeter  and  voltmeter  readings,  so  as  to  have  a  complete  record  of 
the  electrical  relations  in  the  circuit,  with  special  reference  to  the 
performance  of  the  battery.  Observe  voltage  and  current  fluctuations, 
when  the  load  is  varied,  first  gradually  and  then  suddenly. 

Devise  a  convenient  arrangement  of  switches  for  charging  the  battery 
in  three  parts,  as  explained  in  the  preceding  article.  Connect  the 
battery  accordingly  and  observe  the  process  of  charging. 

626.  End-Cell  Switches.  —  In  many  small  installations  there  is 
no  demand  for  current  during  the  day.  In  such  cases  battery  con- 
nections shown  in  Fig.  466  are  used.     The  battery  is  charged  during 
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the  day,  when  the  main  switch  S  is  open;  the  voltage  on  the  generator 
being  raised  to  the  required  voltage  (say  161  volts),  for  charging  the 
battery.  During  discharge  the  battery  voltage  and  output  are  regu- 
lated by  the  so-called  end-cell  switch  E,  by  means  of  which  more  cell? 
may  be  connected  into  the  circuit,  in  proportion  as  the  voltage  of  each 
cell  drops  during  the  discharge. 

End-cell  switches  are  sometimes  used  also  in  installations  where 
charging  is  done  by  means  of  special  machines,  so-called  "  boosters  " 
(Fig.  469).  Storage  batteries  in  stations  and  substations  of  electric 
lighting  companies  in  most  large  cities-are  regulated  by  end-cell  switches 
and    charged    by   boosters.     Large   end-cell    switches   are  sometimes 
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Fig.  467.     Use  of  a  double  end-cell  switch. 


operated  by  auxiliary  electric  motors,  which  are  started  or  stopped 
either  by  the  switchboard  attendant,  or  automatically  by  a  contact 
voltmeter. 

The  contact  on  the  arm  of  an  end-cell  switch  must  be  wide  enough, 
so  as  not  to  open  the  battery  circuit  while  the  arm  is  moved  from  one 
segment  of  the  switch  to  the  next.  On  the  other  hand,  when  the  arm 
bridges  two  adjacent  segments,  it  apparently  short  circuits  the  cell 
connected  to  these  two  segments,  which  is  not  permissible.  There- 
fore, the  arm  contact  is  made  in  two  parts,  with  a  protective  resistance 
between,  this  resistance  limiting  the  current  in  the  short-circuited-  cell 
during  the  instant  when  the  arm  is  moved  from  one  contact  to  the  next. 

In  some  cases  it  is  not  practicable  to  have  the  main  switch  openeJ, 
while  the  generator  voltage  is  being  raised  for  the  charge;  at  the  same 
time  the  size  of  the  installation  may  not  warrant  the  complication  of  a 
booster  set.  Two  end-cell  switches  are  used  in  such  cases,  as  shown  in 
Fig.  467.     By  means  of  the  end-cell  switch  Ex  the  required  voltage  is 


Chap.  28] 


ELECTRIC  BATTERIES. 


667 


maintained  on  the  line,  while  the  charge  is  regulated  by  the  generator 
field  rheostat  and  the  end-cell  switch  E9.  With  this  scheme,  the  end 
cells  are  carrying  the  sum  of  the  charging  current  and  the  line  current, 
and  are  therefore  charged  faster  than  the  rest  of  the  battery.  Actual 
practice  does  not  show,  however,  any  disadvantage  of  such  an  arrange- 
ment, provided  the  charging  is  done  during  the  hours  of  small  demand. 
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Fig.  468.    Details  of  connections  to  a  battery  controlled  b"  a  double  end-cell 
switch,  as  per  Fig.  467. 

It  will  be  easily  seen  that  more  contact  points  are  necessary  with  a 
double  end-cell  switch  than  with  a  single  end-cell  switch. 

Fig.  468  shows  the  complete  diagram  of  connections  for  the  arrange- 
ment according  to  Fig.  467.  The  switch  St  controls  the  generator  cir- 
cuit, S2  —  the  battery  circuit;  £3  is  a  double-throw  switch  which  makes 
connections  for  charging  or  discharging.  For  charging  the  battery, 
Sz  is  thrown  to  the  right,  and  the  switches  St  and  S2  are  closed.  The 
charging  current  flows  from  the  positive  terminal  of  the  generator, 
through  S9,  to  the  charging  end-cell  switch  E2.     Thence,  through  the 


658  ELECTRIC  BATTERIES.  [Chaf.  2S 

battery,  ammeter  A3,  overload  circuit-breaker  CB2,  underload  circuit- 
breaker  CBV  and  switch  S2  to  the  negative  terminal  of  the  generator. 
At  the  same  time  the  line  is  supplied  with  current  through  the  discharge 
end-cell  switch  E  t  and  the  ammeter  Av  The  underload  circuit-breaker 
is  used  in  order  to  prevent  the  battery  from  sending  current  back  into 
the  generator.  An  underload  circuit-breaker  is  installed  only  in  those 
battery  plants  in  which  the  load  is  varying  slowly,  so  that  there  are 
distinct  periods  of  charge  and  discharge.  In  railway  installations  the 
load  is  rapidly  fluctuating,  and  the  battery  current  is  reversed,  some- 
times every  few  seconds:  No  underload  circuit-breaker  could  be  used 
under  such  conditions. 

For  discharging  the  battery  into  the  line,  in  parallel  with  the  genera- 
tor, the  switch  Ss  is  thrown  to  the  left;  this  cuts  the  charging  end-cell 
switch  E2  out  of  the  circuit,  while  the  underload  circuit-breaker  CBt 
is  short-circuited  by  the  lower  blade  of  the  switch  S8.  The  discharge 
is  regulated  by  the  end-cell  switch  Et  and  the  field  rheostat  of  the 
generator.  On  the  other  hand,  if  it  is  desired  to  shut  down  the  genera- 
tor, the  switch  St  is  opened,  and  the  battery  continues  to  supply  current 
alone.  This  is  usually  the  case  late  at  night  and  early  in  the  morning, 
when  the  demand  for  current  is  quite  small.  If  the  switch  S2  is  opened. 
instead  of  Sv  the  battery  is  disconnected  from  the  line,  while  the 
generator  continues  to  supply  the  power. 

V  is  a  voltmeter  which,  by  means  of  the  voltmeter  switch  V.  Sw.,  can 
be  connected  so  as  to  show  at  will:  the  generator  voltage,  the  battery 
voltage,  or  the  line  voltage;  In  addition,  a  portable  3-volt  instrument 
is  always  used  in  storage-battery  plants,  for  measuring  the  voltage  of 
each  individual  cell. 

627,  EXPERIMENT  28-D.  —  End-Cell  Control  of  Storage 
Batteries.  —  The  connections  with  a  single  end-cell  switch  are  shown 
in  Fig.  466;  with  a  double  end-cell  switch  in  Fig.  467,  or  more  in  detail 
in  Fig.  468.  Try  both  systems  in  actual  operation,  under  the  conditions 
specified  in  §  625. 

Report  actual  diagrams  of  connections  and  numerical  results  of  the 
test.  State  voltage  fluctuations  with  sudden  variations  of  the  load, 
and  give  the  relative  fluctuations  of  the  current  in  the  generator  and  in 
the  battery.  Figure  out  the  number  of  points  necessary  on  the  single 
end-cell  switch  and  on  the  double  end-cell  switch. 

628.  Floating  Batteries.  —  In  plants  in  which  considerable  voltage 
fluctuations  are  not  objectionable,  or  are  unavoidable,  storage  batteries 
are  often  used  without  any  means  for  regulating  them,  simply  as  shown 
in  Fig.  459.    This  allows  the  battery  to  be  freely  charged  or  discharged 
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with  the  fluctuations  of  the  load.  Such  connections  are  used  in  some 
electric-railway  substations,  and  also  in  plants  containing  cranes  and 
elevators.  The  number  of  cells  is  selected  so  that,  when  the  generators 
give  approximately  their  full  output,  the  voltage  at  the  bus-bars  is 
equal  to  thee.m.f.  of  the  battery:  under  such  conditions  no  current  flows 
into  or  out  of  the  battery. 

When  the  load  is  below  the  average,  the  generator  voltage  is  higher 
than  that  of  the  battery,  and  a  charging  current  flows  into  the  battery. 
When  the  generator  is  carrying  a  rather  heavy  load,  its  voltage  drops 
below  that  of  the  battery,  and  the  battery  discharges  into  the  line, 
helping  the  generators  (or  rotary  converters,  if  it  is  a  substation). 
With  such  an  arrangement,  the  generator  load  is  more  constant  than 
without  the  battery.  The  battery  is  never  entirely  discharged  or  fully 
charged,  but  is  maintained  in  a  medium  condition.  Once  every  few 
weeks  it  is  necessary  to  raise  the  generator  voltage  and  to  give  the  battery 
a  thorough  charging,  and  even  an  overcharge,  in  order  to  prevent  the 
formation  of  lead  sulphate. 

Such  a  floating  battery  is  more  effective  the  wider  the  voltage  fluctua- 
tions. The  voltage  at  the  end  of  the  feeders  varies  much  more  than  in 
the  substation,  on  account  of  the  ohmic  drop  in  the  feeders:  therefore, 
it  is  better  to  have  a  floating  battery  at  the  end  of  the  line.  The  advan- 
tages are:  The  average  voltage  being  lower  than  in  the  substation, 
less  cells  are  required;  the  fluctuations  of  the  voltage  being  more  pro- 
nounced, the  battery  is  charged  and  discharged  within  wider  limits;  the 
load  on  the  generators  or  rotary  converters  is  steadier;  there  is  a  con- 
siderable saving  in  line  copper,  since  the  feeders  have  to  carry  an  average 
current  only,  instead  of  the  maximum  current.  The  chief  disadvan- 
tage of  placing  the  battery  at  the  farther  end  of  the  feeder  is  that  extra 
room  and  attention  are  required  outside  the  substation. 

629.  EXPERIMENT  28-E.  —  Performance  of  Floating  Bat- 
teries. —  Connect  a  battery  in  parallel  with  a  shunt-wound  generator, 
as  in  Fig.  459,  and  select  such  a  number  of  cells  that  the  battery  neither 
charges  nor  discharges  at  a  desired  load.  The  line  must  have  a  con- 
siderable resistance  so  as  to  represent  the  actual  conditions  of  railway 
service;  the  resistance  being  such  as  to  give  from  10  to  15  per  cent 
voltage  drop  at  full  load.  The  load,  representing  street  cars,  is  con- 
nected at  the  further  end  of  the  line.  Have  an  ammeter  in  the  genera- 
tor circuit,  and  one  in  the  main  line;  and  connect  a  voltmeter  so  as  to 
measure,  at  will,  the  voltage  across  either  end  of  the  line. 

(a)  First  disconnect  the  battery  and  use  the  generator  alone, 
increasing  the  load  from  zero  to  a  heavy  overload  without  regulating 
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the  field  rheostat.     Measure  line  amperes  and  the  volts  at  each  end 
of  the  line. 

(b)  Apply  the  same  values  of  load  with  the  battery  and  the  genera- 
tor working  in  parallel.  Observe  the  proportion  of  the  load  taken  by 
the  battery,  and  the  improved  conditions  of  voltage  regulation.  If 
the  results  show  that  the  battery  is  charged  more  than  it  is  discharged, 
add  one  or  more  cells,  and  vice  versa.  Repeat  the  experiment,  imti 
the  battery  gives  the  best  performance,  in  other  words,  keeps  the 
generator  load  as  steady  as  possible. 


Fig.  469.    Battery  charged  by  a  non-automatic  booster,  and  discharged 
through  an  end-cell  switch. 

(c)  Put  a  few  turns  of  series  winding  on  the  generator  field,  but 
not  enough  turns  to  make  the  machine  flat-compounded.  Observe 
the  difference  in  the  performance  of  the  battery  and  the  new  voltage 
regulation. 

(d)  Connect  the  battery  at  the  farther  end  of  the  line  and  repeat 
the  same  runs,  viz. :  Investigate  the  influence  of  the  resistance  of  the 
line,  of  the  position  of  the  load,  and  of  compounding  the  generator. 

Report.  Give  results  in  such  form  as  to  show  the  relative  usefulness 
of  the  floating  battery  under  the  various  conditions  investigated. 


BATTERY    BOOSTERS. 

630.  With  the  exception  of  smaller  plants  in  which  storage  batteries 
are  charged  in  parallel,  or  by  means  of  an  end-cell  switch,  most  storage- 
battery  plants  are  provided  with  so-called  boosters,  or  extra  generators 
for  regulating  the  charge  (and  sometimes  also  the  discharge)  of  the 
batteries.    The  simplest  combination  is  shown  in  Fig.  469:  The  booster 
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-B  is  direct-driven  by  a  shunt-motor  M;  the  armature  of  the  booster  is 
in  series  with  the  battery;  the  fields  F  are  separately  excited  across 
the  bus-bars;  E  is  the  end-cell  switch. 

When  the  battery  is  discharging,  the  switch  S  is  thrown  up  so  that 
the  booster  is  cut  out  of  the  circuit;  the  discharge  is  regulated  by  the 
end-cell  switch  E.  For  charging  the  battery,  the  switch  S  is  thrown 
down  and  the  booster  e.m.f.  raised  by  means  of  the  field  rheostat  FR; 
thus  giving,  together  with  the  generator  pressure,  a  voltage  sufficient 
for  charging.  This  voltage  is  regulated,  as  the  charge  progresses,  by 
means  of  the  same  rheostat  FR.  Instead  of  using  an  end-cell  switch, 
the  same  booster  may  also  be  used  for  regulating  the  discharge  of  the 
battery.  In  this  case  a  reversing  switch  must  be  connected  into  its 
field  circuit,  so  that  the  direction  of  the  induced  e.m.f.  may  be  changed. 
Some  companies  connect  the  booster  field  across  the  battery,  and  not 
across  the  line,  as  in  Fig.  469;  there  is  little  difference  between  the  two 
methods. 

Shunt-excited  boosters  with  hand  regulation  are  satisfactory  only 
in  plants  in  which  the  load  varies  gradually  and  regularly,  so  that  the 
battery  can  be  charged  and  discharged  during  considerable  periods  of 
time.  In  railway  service,  where  the  load  fluctuates  within  wide  limits, 
and  where  charge  and  discharge  sometimes  follow  each  other  every 
few  seconds,  it  becomes  necessary  to  have  automatic  boosters  whose 
e.m.f.  is  added  to  or  subtracted  from  that  of  the  battery,  according 
to  the  magnitude  of  the  load. 

Two  types  of  automatic  boosters  are  used  at  present:  (a)  Differ- 
ential  boosters,  in  which  the  booster  field  is  varied  by  the  addition  of 
compounding  windings  (Fig.  470);  (h)  Relay  boosters,  in  which  the 
current  in  the  shunt  field  is  regulated  by  suitable  relays  (Figs.  472 
and  475). 

631.  Differential  Booster.  —  This  belongs  to  the  first  of  the  two 
types  of  automatic  boosters  mentioned  above,  and  is  shown  in  Fig. 
470.  It  differs  from  the  non-automatic  booster  (Fig.  469)  in  that  the 
end-cell  switch  E  is  omitted,  and  the  booster  is  provided  with  an 
additional  series-field  winding  F2,  which  opposes  the  action  of  the 
winding  Fv  At  a  certain  average  load,  F1  and  F2  neutralize  each 
other,  and  the  booster  e.m.f.  is  =  0.  At  this  load  the  generator  volt- 
age must  be  made  equal  to  that  of  the  battery,  so  that  the  battery 
neither  charges  nor  discharges.  At  a  heavier  load  the  action  of  F7 
is  stronger  than  that  of  Fv  and  the  booster  e.m.f.  is  added  to  that  of 
the  battery,  assisting  its  discharge.  On  light  loads  the  action  of  Ft 
is  stronger  than  that  of  F2,  and  the  booster  tends  to  send  a  charging 
current  into  the  battery.     This  action  is  entirely  automatic,  and  the 


662 


ELECTRIC  BATTERIES. 


[Chap.  23 


booster  tends  to  maintain  a  constant  load  on  the  generators,  the  battery 
taking  up  the  load  fluctuations. 

Experience  shows  that  in  order  to  have  this  system  work  satis- 
factorily, it  is  necessary  to  add  a  third  field  winding  Fz  (shown  by 
dotted  lines),  acting  in  the  same  direction  as  F2.  This  winding  auto- 
matically corrects  the  voltage  of  the  booster  for  the  state  of  charge  of 
the  battery,  in  the  following  way:  Suppose  that  the  currents  in  the 
three  field  windings  are  so  adjusted,  that  the  booster  e.m.f.  is  zero 
with  the  rated  generator  current  and  with  the  battery  partly  dis- 
charged. Then,  with  the  same  load  and  with  the  battery  fully 
charged,  the  battery  tends  to  take  more  than  its  share  of  load, 
reducing  the  generator  current.  This  reduces  the  current  in  the 
differential  winding  Fv  and  gives  a  preponderance  to  the  shunt 
field  of  the  booster.  An  e.m.f.  is  produced  in  the  booster  such  as  to 
oppose  the  e.m.f.  of  the  battery  and  to  prevent  it  from  discharging. 


Fig.  470.    Automatic  differential  booster. 

On  the  contrary,  when  the  battery  is  nearly  discharged  and  does  not 
take  its  share  of  load,  the  generator  becomes  overloaded.  Then  an 
excessive  current  flows  through  F9  and  boosts  the  battery  voltage 
helping  its  discharge.  In  this  way  the  winding  F9  helps  to  keep  the 
generator  load  constant. 

632.  EXPERIMENT  28-F.  —  Performance  of  Storage  Batteries 
Controlled  by  Shunt-Wound  and  Differential  Boosters.  —  Connect 
a  non-automatic  booster,  as  shown  in  Fig.  469.  Have  an  ammeter  in 
the  line  and  one  in  the  generator  circuit;  the  battery  current  is,  at  any 
moment,  the  difference  of  the  two  ammeter  readings.  Operate  the  set 
under  the  conditions  specified  in  §  625.    To  represent  voltage  changes 
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in  the  battery,  that  depend  on  the  state  of  its  charge,  one  or  more  cells 
may  be  disconnected,  or  more  cells  added  to  the  battery.  Some  resist- 
ance may  also  be  used  in  series  with  the  battery,  to  imitate  an  increase 
in  internal  resistance.  Add  a  reversing  switch  in  the  booster  field  and  try 
to  regulate  discharge  by  the  booster,  instead  of  by  the  end-cell  switch. 

Take  a  differential  booster,  shown  in  Fig.  470,  first  with  both  wind- 
ings F2  and  F9  in  the  line  circuit,  then  with  the  same  windings  con- 
nected as  shown  in  the  sketch.  Compare  the  two  arrangements  with 
regard  to  their  ability  to  maintain  a  constant  generator  output. 
Adjustments  for  the  best  regulation  are  made  by  the  booster  shunt- 
field  rheostat,  and  by  placing  shunts  around  the  series  windings. 

633.  Carbon-Pile  Booster  Regulator.  —  One  common  disadvan- 
tage of  automatic  boosters  with  series  fields,  as  shown  in  Fig.  470,  is 
that  the  booster  itself  becomes  quite  large  and  expensive,  since  its 


Fig.  471.     Carbon-pile  battery-regulator  (The  Electric  Storage  Battery  Co.). 

frame  has  to  accommodate  three  field  windings.    It  has  been  sought, 
therefore,  to  have  on  the  booster  only  the  shunt  winding,  as  in  Fig. 
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469,  and  to  provide  outside  the  booster  an  additional  device  that  would 
automatically  vary  the  magnitude  and  the  direction  of  the  current  in 
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Fig.  472.    Electrical  connections  of  a  booster,  controlled  by  a  carbon-pile  regulator. 

this  shunt  winding,  according  to  the  load.    A  device  of  this  kind,  the 
so-called  carbon-pile  regulator,  is  shown  in  Fig.  471;  Fig.  472  shows  the 


Fig.  478.    A  simplified  diagram  of  connections  between  the 
field  and  the  carbon  regulator. 


electrical  principle  on  which  it  is  based.    The  regulator  is  usually 
mounted  on  the  main  switch-board. 
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Generator  current,  instead  of  passing  through  a  series  winding  placed 
on  the  booster,  passes  through  the  solenoid  A  of  the  regulator.  An 
iron  core,  actuated  by  this  solenoid,  compresses  more  or  less,  through 
a  suitable  leverage,  two  sets  of  columns  CC  consisting  of  carbon  disks. 
These  carbon  piles  are  connected  to  the  booster  field  and  to  the  battery, 
as  shown  in  Figs.  472  and  473.  The  .resistance  of  the  piles  consists 
chiefly  of  the  contact  resistance  between  the  disks,  and  therefore  varies 
within  wide  limits,  with  variations  in  the  pressure  exerted  by  the  core 
of  the  solenoid  A. 

With  the  normal  value  of  the  generator  current,  the  pressure  on 
both  piles  is  the  same;  their  resistances  are  equal,  and  no  current  flows 
through  the  booster  field  Fv  The  whole  arrangement  resembles  the 
familiar  Wheatstone  bridge  scheme,  in  which  the  booster  field  takes 
the  place  of  a  galvanometer.  When  the  current  is  below  or  above 
normal,  one  column  is  compressed  more  than  the  other,  the  bridge  is  not 
balanced,  and  a  current  flows  through  the  booster  field  in  one  or  the 
other  direction,  causing  the  battery  either  to  charge  or  to  discharge. 


Counter- e.niX  Set 
Fie.  474.    Automatic  booster  cod  trolled  directly  by  a  coimler-e  m.f.  machine. 


The  arrangement  is  entirely  automatic  in  its  action,  and  takes  the 
place  of  a  booster  with  two  or  more  field  windings,  tending  to  keep  the 
generator  current  constant. 

In  reality  the  connections  are  more  complicated  than  those  shown 
in  Fig.  472:  It  would  be  too  wasteful  to  have  a  current  circulate  all  the 
time  through  the  carbon' columns,  especially  of  such  a  magnitude  as 
to  be  sufficient  to  energize  the  booster  fields  through  mere  unbalancing 
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of  resistances.  Therefore,  except  in  very  small  installations,  the  carbon 
regulator  actuates  the  field  of  a  separate  exciter,  which  in  turn  supplies 
current  to  the  field  of  the  booster.  The  exciter  being  a  much  smaller 
machine  than  the  booster,  considerably  less  energy  is  lost  in  the  regu- 
lator. The  booster  and  the  exciter  are  usually  mounted  on  the  same 
shaft  and  driven  by  a  diwct-connected  motor. 

The  carbon-pile  regulator  is  used  by  the  Electric  Storage  Battery 
Company,  chiefly  in  large  railway  plants. 

634.  Booster  Regulation  by  Counter-E.M.F.  —  Another  relay- 
arrangement  is  shown  in  Fig.  474.  Here  the  booster  field  Ft  is  auto- 
matically regulated  by  a  small  counter-e.m.f.  machine  C.  The  field 
F3  of  this  machine  is  excited  by  the  main  current,  similarly  to  the 


Oounter-e.m.£  Bet 


Fig.  475.    Automatic  booster  controlled  by  a  ooonter-ejn.f.  machine,  through  an 
exciter  (The  Gould  Storage  Battery  Co.). 


solenoid  A  shown  in  Fig.  472.  At  a  certain  desired  value  of  this  cur- 
rent, the  counter-e.m.f.  of  the  machine  C  can  be  made  such  that  no 
current  will  flow  through  the  booster  field  Fv  When  the  generator 
current  is  below  this  value,  the  booster  field  is  excited  in  such  a  direction 
that  the  battery  is  charged,  and  vice  versa. 

Formerly  the  machine  C  was  direct-connected  to  the  main  booster 
set  and  driven  by  the  same  motor.  Experience  showed,  however,  that 
the  size  of  this  machine  can  be  considerably  reduced  by  driving  it 
separately,  at  a  higher  speed,  by  a  small  motor  CM. 

The  size  of  the  counter-e.m.f.  set  is  still  more  reduced  by  introducing 
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a  second  relay  machine,  as  shown  in  Fig.  475.  Moreover,  this  arrange- 
ment increases  the  sensitiveness  of  regulation,  and  permits  the  counter- 
e.m.f .  sets  to  be  made  of  the  same  standard  size  with  widely  different 
sizes  of  batteries  and  boosters.  The  scheme  shown  in  Fig.  475  is  the 
one  used  by  the  Gould  Storage  Battery  Company. 

The  counter-e.m.f.  machine  C,  instead  of  acting  directly  on  the 
booster  field,  as  in  Fig.  474,  acts  on  the  field  of  a  small  exciter  Ex., 
which  in  turn  controls  the  booster  field  current.  The  armature  of  the 
counter-e.m.f.  machine  is  connected  in  series  with  the  exciter  field,  across 
the  main  bus-bare.  When  a  normal  current  flows  through  the  main 
generator,  and  consequently  through  the  field  F3f  the  voltage  induced 
in  the  armature  C  just  balances  the  voltage  across  the  bus-bars;  no 
current  then  flows  through  the  exciter  field,  and  the  booster  excitation 
is  =  0.  When  the  generator  voltage  is  above  normal,  the  voltage  in 
C  is  higher  than  that  across  the  bus-bars,  and  the  exciter  field  is  ener- 
gized in  such  a  direction  as  to  assist  the  battery  to  discharge.  The 
opposite  takes  place  when  the  generator  current  is  below  normal. 
With  proper  relations,  the  system  works  so  as  to  keep  the  generator 
load  practically  constant. 

In  some  cases,  the  counter-e.m.f.  machine  has  an  additional  field 
winding  connected  across  the  line  and  giving  a  constant  excitation. 
The  addition  of  this  winding  makes  the  system  more  flexible  and  per- 
mits of  an  adjustment  for  any  desired  performance  of  the  battery. 
Further  adjustment  is  made  possible  by  a  rheostat  in  series  or  in 
parallel  with  the  field  winding  Flt  and  also  by  shunting  the  main  series- 
winding  F3  by  adjustable  resistances. 

635.  Vibrating-Contact  Booster  Regulator.  —  The  success  of  the 
Tirrell  regulator  (see  §§  309  and  460)  for  controlling  voltage  in  genera- 
tors ,  led  to  the  idea  of  applying  the  same  principle  to  storage  battery 
regulation.  Such  a  battery  regulator  with  vibrating  platinum  contacts, 
was  recently  developed  by  the  Westinghouse  Electric  and  Manufacturing 
Company.  In  common  with  the  systems  described  in  §§  633  and  634,  the 
booster  field  is  energized  either  for  charge  or  for  discharge  by  a  separate 
exciter.  The  same  exciter,  which  may  be  either  direct-connected  to 
the  booster  set  or  driven  by  a  separate  motor,  has  two  equal  and  oppo- 
site field  windings,  which  we  shall  denote  by  A  and  B,  connected  in 
parallel  across  the  main  bus-bars;  a  third  field  winding  C  is  connected 
across  the  armature  terminals  of  the  exciter  and  is  its  regular  shunt 
winding. 

A  platinum  contact,  actuated  by  the  main  generator  current,  short- 
circuits  a  resistance  in  series  with  either  A  or  B  and  makes  the  action 
of  one  of  the  differential  windings  predominant.    The  shunt  winding 
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C  immediately  begins  to  build  up  the  exciter  current,  which  in  tun. 
effects  the  desired  booster  regulation.  The  tendency  to  over-regulate 
is  checked  by  an  electromagnet  which  immediately  opens  the  platinum 
contact. 

The  details  of  the  regulator  are  as  follows:  An  ammeter  shunt  is 
inserted  into  the  generator  circuit,  so  that  the  drop  across  the  shunt 
is  proportional  to  the  generator  current.  A  regular  milli-voltmeter 
movement,  consisting  of  a  moving  coil,  a  permanent  magnet  and  a 
spiral  spring,  is  connected  across  the  shunt.  We  shall  denote  this 
milli-voltmeter  No.  1.  Another  similar  movement  No.  2  is  connected 
across  the  booster  field;  the  arms  of  the  two  moving  coils  have  two 
platinum  tips  which  correspond  to  the  main  contacts  in  a  Tirrell 
regulator.  The  closing  or  opening  of  these  contacts  causes  an  electro- 
magnet to  short-circuit  one  or  the  other  of  the  above-mentioned 
resistances  in  series  with  the  exciter  fields. 

Suppose  the  main  contact  between  the  two  moving  coils  be  closed: 
this  closes  the  auxiliary  contact  which  energizes  the  booster  in  such  a 
direction  as  to  help  the  battery  to  discharge.  As  soon  as  the  exciter 
voltage  begins  to.  build  up,  the  movement  No.  2  opens  the  main  con- 
tact. The  auxiliary  contact  is  also  opened,  and  returns  to  its  zero 
position  in  which  it  builds  up  the  booster  field  in  the  opposite  direction, 
i.e.,  for  charging  the  batter}'.  This  increases  the  generator  current  above 
normal,  the  main  contact  is  closed  again,  etc. 

In  reality,  both  contacts  are  vibrating  continually,  and  in  this  way 
maintain  the  generator  current  practically  constant. 

For  small  adjustments,  the  spiral  spring  of  movement  No.  1  may 
be  tightened  or  loosened.  For  larger  steps  a  series  of  resistances  are 
provided  with  plugs  by  which  the  drop  across  the  ammeter  shunt  is 
increased  or  decreased.  Movement  No.  1  is  also  provided  with  a  sensi- 
bility weight.  By  shifting  it,  the  regulator  may  be  over-compounded ; 
this  means  that  when  the  external  load  increases,  the  generator  load 
also  increases  by  a  desired  percentage. 

636.  EXPERIMENT  28-Q.  —  Performance  of  Relay-Operated 
Boosters.  —  The  experiment  comprises  any  of  the  systems  described 
in  S§  633  to  635.  Wire  up  the  arrangement  available  for  test  and 
operate  it  under  various  conditions  specified  in  J  625.  Pay  particular 
attention  to  current  and  voltage  fluctuations  when  the  load  varies 
suddenly,  and  determine  the  limits  within  which  load  and  voltage  may 
be  kept  constant.  Try  the  various  adjustments  possible  with  the 
regulator  under  test,  and  see  if  the  generator  current  may  be  made  to 
follow,  to  a  certain  degree,  load  fluctuations     Investigate  regulation 
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with  a  slightly  different  number  of  cells;  this  would  correspond  to  the 
case  when  the  battery  is  fully  charged  or  totally  discharged. 

Report.  Draw  a  complete  diagram  of  connections  for  the  system 
investigated,  with  all  switches,  fuses,  measuring  instruments,  etc.; 
write  concise  instructions  for  starting  and  operating  the  installation. 
State  the  character  of  regulation  obtained  and  per  cent  fluctuations 
from  the  rated  current.     Give  your  criticisms,  if  any,  of  the  system. 

637.  Storage  Batteries  in  Alternating-Current  Plants.  —  The 
question  of  equalizing  load  in  large  alternating-current  power  plants, 
by  means  of  storage  batteries,  gains  more  and  more  in  impor- 
tance. At  present,  batteries  used  in  large  railway  and  lighting  plants 
are  usually  installed  in  substations;  each  substation  is  thus  regulated 
separately.  A  better  economy  could  be  obtained  by  having  one  large 
battery  in  the  generator  station,  even  though  it  would  necessitate 
extra  rotary  converters,  or  motor-generators  between  the  line  and  the 
battery. 

With  fluctuating  loads,  such  batteries  have  to  be  controlled  by  auto- 
matic boosters  with  some  relay  arrangement  between  the  alternating- 
current  line  and  the  booster  field.  The  requirement  in  most  cases 
would  be  to  regulate  for  constant  kw.  generator  output;  the  current  then 
varying  only  with  power  factor. 

The  problem  is  in  rather  an  experimental  stage,  though  it  would 
seem  that  the  systems  of  regulation  described  in  §§  633  to  635  may  be 
made  to  operate  successfully  with  alternating  currents. 

The  Westinghouse  regulator  (}  636)  is  particularly  promising  in  this 
respect,  as  the  only  change  would  be  to  replace  the  ammeter  shunt  and 
the  milli-voltmeter  movement  No.  1  by  a  suitable  wattmeter  move- 
ment. The  Gould  arrangement  shown  in  Fig.  475  has  also  been  suc- 
cessfully applied  to  alternating-current  plants,  by  exciting  the  field 
F2  from  the  main  line  through  series  transformers  and  a  special  recti- 
fier. The  device  is  adjusted  so  as  to  rectify  only  the  working  compo- 
nent of  the  current,  thus  making  the  effect  of  the  booster  depend  on 
watts  output  and  not  on  line  amperes.  A  second  rectifier,  suitably 
displaced  from  the  first,  may  be  used  for  the  wattless  component  of 
the  current;  this  component,  when  rectified,  may  be  used  for  com- 
pounding the  rotary  converter,  in  order  to  correct  for  the  power  factor 
of  the  load. 


CHAPTER  XXIX. 

SWITCHBOARDS. 

638.  The  switchboard  is  an  essential  part  of  every  electric  plant ,  its 
object  being  to  group  together  at  some  convenient  and  accessible  place 
the  necessary  devices  for  controlling  and  distributing  the  current  to  the 
various  circuits  for  measuring  the  power  received  or  delivered,  and  for 
supporting  safety  devices  which  protect  the  machines  and  the  lines. 

The  following  laboratory  exercises  are  intended  to  familiarize  the 
student  with  the  construction  and  operation  of  standard  switchboards; 
also  with  the  types  and  functions  of  the  principal  switchboard  devices 
and  their  electrical  connections. 

In  beginning  the  study  of  the  subject,  the  student  should  first 
operate  a  switchboard  in  order  to  learn  the  purpose  of  its  various 
devices.  The  next  step  is  to  study  actual  electrical  connections  and 
to  learn  to  trace  them  out  on  a  given  switchboard.  The  more  advanced 
student  should  himself  design  the  connections  and  connect  up  a  switch- 
board according  to  his  design.  This  work  is  provided  for  in  the  exer- 
cises in  assembling  switchboards. 

1.       DIRECT-CURRENT   SWITCHBOARDS. 

639.  Switchboards  for  One  Direct-Current  Generator.  — A  simple 

direct-current  switchboard,  such  as  are  used  in  small  isolated  plants, 
is  shown  in  Fig.  476.  The  connections  are  practically  the  same  as  in 
the  diagram  Fig.  265,  except  that  no  field  ammeter  is  used  as  a  rule; 
the  field  rheostat  is  adjusted  so  as  to  obtain  the  required  terminal 
voltage.  The  switchboard  itself  consists  of  panels  of  marble  or  slate, 
supported  by  frames  of  angle  iron  or  gas-pipe.  The  large  switch  in  the 
center  connects  the  switchboard  to  the  generator.  The  handle  of  the 
field  rheostat  is  seen  above  it,  the  rheostat  itself  being  mounted  on 
the  back  of  the  switchboard.  The  ammeter  and  the  voltmeter  are 
mounted  near  the  top. 

Lamps  are  sometimes  provided  for  illuminating  the  instrument 
scales:  the  lamps  are  connected  directly  to  the  main  cable  coining 
from  the  machine,  so  as  to  light  up  even  when  the  main  switch  is  open. 
Two  ground-detector  lamps  are  visible  in  the  upper  corners  of  the  panel; 
for  their  operation  see  §  288.  Four  smaller  switches  shown  to  the  left 
and  to  the  right  are  feeder  switches  controlling  four  outgoing  circuits. 
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Each  switch  circuit  is  protected  by  fuses,  visible  under  the  switches. 
Automatic  circuit-breakers  are  coming  more  and  more  into  use  instead 
of  switches  and  fuses. 

The  main  switch  is  connected  to  two  horizontal  copper  bars,  commonly 
called  bus-bars,  so  that  the  generator  power  is  delivered  to  the  bus-bars. 
The  feeder  switches  are  also  connected  to  the  bus-bars,  and  in  this 
way  the  energy  taken  from  the  generator 
is  delivered  to  various  feeder  circuits. 

640.  EXPERIMENT  29-A.— Trac- 
ing out  Connections  on  a  Direct-* 
Current   Generator   Panel.  —  The 

purpose  of  the  experiment  is  to  illustrate 
the  connections  and  the  operation  of 
a  simple  direct-current  generator 
switchboard.  The  principal  features  of 
construction  and  connections  are  given 
in  the  preceding  article;  some  small 
variations  may  be  met  with,  in  switch- 
boards of  different  makes. 

In  tracing  out  the  connections,  first 
estimate,  as  closely  as  possible,  the 
destination  of  the  various  parts.  Then 
make  a  rough  sketch  of  the  arrangement 
of  the  apparatus  on  the  front  of  the 
switchboard  and  of  the  principal  parts 
on  the  back,  first  without  wiring. 
Finally  put  on  the  sketches  all  the 
electrical  connections,  and  see  if  they 
are  correct. 

If  some  connections  are  inaccessible, 
or  invisible,  trace  them  out  by  putting 

current  on,  —  for  instance,  through  a  lamp  connected  to  an  ordinary 
lighting  supply.  A  galvanoscope  and  a  dry  cell,  or  a  magneto  and  a 
bell,  may  also  be  used  for  tracing  connections. 

Having  traced  out  all  the  connections,  verify  your  understanding  of 
their  functions  by  actually  operating  the  switchboard  in  the  way  in 
which  it  is  supposed  to  be  used  during  regular  service.  Make  a  note  of 
the  sizes  and  ranges  of  measuring  instruments,  switches,  fuses,  etc. 

Report.  Draw  a  diagram  of  actual  connections;  make  a  sketch  of  the 
assembly,  as  in  Fig.  476.  Give  the  ranges  of  the  instruments  and  the 
size  of    other  devices,  —  for   instance,  75-ampere    250- volt   switches, 


Fig.  476.  An  isolated-plaut  direct- 
current  switchboard,  for  one  gen- 
erator and  four  outgoing  feeders 
(General  Electric  Co.) . 
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50-ampere  fuses,  etc.     Give  instructions  for  operating  the  switchboard 
when  starting  the  machine,  and  when  shutting  down  the  plant. 

641.  EXPERIMENT  29-B.— Assembling  a  Direct-Current  Gen- 
erator Panel.  —  The  purpose  of  the  exercise  is  to  gain  experience  in 
designing  and  assembling  switchboards  and  handling  switchboard 
apparatus.  The  principal  features  of  construction,  and  connections 
used  in  small  direct-current  plants,  are  described  in  §§  639  and  640. 
Small  changes  may  be  necessary  with  special  requirements,  or  with  the 
equipment  at  hand. 

A  special  wooden  panel  should  be  provided  with  universal  clamps  for 
mounting  the  equipment  in  any  desired  place.  The  students  are  ex- 
pected to  design  the  connections,  to  mount  and  to  connect  up  instru- 
ments, switches,  etc.  The  finished  switchboard  should  be  connected  to 
a  generator  and  tried  in  operation. 

In  doing  this  work,  particular  attention  should  be  paid  to  placing  all 
the  devices  systematically,  so  that  they  occupy  a  minimum  space. 
All  similar  devices  should  be  placed  if  possible  in  one  horizontal  row: 
the  measuring  instruments  must  occupy  such  a  height  as  to  be  con- 
veniently read  by  the  switchboard  attendant;  the  circuit-breakers  must 
be  placed  in  the  top  row,  so  as  not  to  hit  the  attendant  when  opening 
the  circuit.  The  rheostat  handles  are  placed  so  that  the  attendant  can 
operate  them,  at  the  same  time  watching  the  instruments;  the  switches 
are  placed  where  the  space  is  available,  usually  in  the  lower  how.  The 
integrating  wattmeters  are  read  infrequently,  and  can,  therefore,  be 
mounted  at  any  place,  even  on  the  wall  outside  the  switchboard  if  no 
other  space  is  available. 

All  the  wiring  must  be  placed  on  the  rear  of  the  switchboard;  the 
work  must  be  done  neatly,  must  all  be  visible,  and  be  securely  fastened 
in  the  right  position.  No  slanted  wires  are  allowed,  as  a  rule;  the  wires 
must  run  either  horizontal  or  vertical  with  a  sharp  bend. 
.  Report.  Draw  the  diagram  of  connections  used,  and  a  sketch 
showing  the  actual  arrangement  of  apparatus  on  the  panel.  Figure 
out  the  sizes  and  the  ranges  of  the  apparatus  to  be  used  for  a 
plant  of  a  certain  given  capacity.  The  rules  for  doing  this  are 
given  in  §  645  below.  Include  brief  instructions  for  operating  the 
switchboard. 

642.  Direct-Current  Switchboards  for  Two  or  More  Generators.— 
Switchboard  connections  for  two  compound-wound  generators  are  shown 
in  Fig.  477.  The  two  outside  panels  are  generator  panels.  The  middle 
panel  is  for  the  outgoing  feeders.  The  left  panel  is  shown  with  all  the 
connections;  the  right  panel  is  left  unconnected. 
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The  main  bus-bare  extend  throughout  the  whole  length  of  the  switch- 
board. The  negative  terminals  of  the  machines  are  connected  directly 
to  the  negative  bus-bar,  through  the  main  switches.  The  positive 
cables  are  connected  to  the  corresponding  bus-bar  through  the  circuit- 
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Fig.  477.    Switchboard  connections  for  two  compound-wound  generators 
and  five  feeders. 

breakers  and  the  ammeters.     One  terminal  of  each  field  circuit  is  taken 

to  the  switchboard,  in  order  to  have  it  connected  to  the  field  rheostat. 

One  voltmeter  is  used  for  both  machines.     It  may  be  connected  to 

either  machine  by  means  of  a  receptacle  and  a  plug;  the  plug  is  shown 
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separately  in  Fig.  478.  Each  generator  panel  is  provided  with  a  lamp 
which  serves  for  illuminating  the  ammeter  scale  and  also  as  a  pilot  lamp. 
The  feeder  panel  has  three  lamps  on  top.  The  middle  one  is  connected 
across  the  bus-bars  and  illuminates  the  voltmeter  scale.  The  two  outside 
ones  are  ground-detector  lamps;  they  are  connected  as  shown  in  Fig. 
255.  Five  feeder  switches  are  shown  on  the  middle  panel,  each  circuit 
being  protected  by  fuses.  Circuit  breakers,  taking  the  place  of  both 
fuses  and  switches,  are  much  used  at  present. 

The  equalizing  connection  shown  between  the  positive  brushes  of  the 
machines  is  used  with  compound-wound  generators  only,  its  purpose 
being  to  make  the  two  machines  divide  the  load  equally.  The  theory 
of  the  equalizer  is  given  in  §§  315  and  316.  It  is  explained  there  that 
with  large  machines  two  single-pole  switches  should  be  used,  instead  of 
one  double-pole  main  switch,  in  order  to  avoid  an  inrush  of  current 
when  the  machine  is  switched  in.  In  small  plants  where  this  circum- 
stance is  of  no  particular  importance,  the 
equalizer  switch  and  the  main  switch  are 
combined  into  one  three-pole  switch. 

The  connections  shown  in  Fig.  477  may 
be  extended  to  any  number  of  generators 
and  of  feeder  panels.  The  equalizer  cable 
runs  through  the  station  alongside  the 
generators,  and  each  machine  is  connected 
to  it  by  its  equalizer  switch,  usually  mounted 
Fio.  478.    Voltmeter  plug.        on  a  pedestal. 

Integrating  wattmeters  are  often  mounted 
on  the  switchboards,  the  connections  being  as  shown  in  Fig.  87. 

Tirrell  regulators  are  now  coming  into  use  for  automatically  main- 
taining constant  voltage.  Their  construction  and  connections  are 
described  in  §  309.  The  regulator  is  mounted  either  on  the  panel  itself 
if  room  is  available,  or  on  a  bracket  on  one  side  of  the  switchboard. 

643,  EXPERIMENT  29-C.  —Tracing  Out  Connections  on 
Large  Direct-Current  Switchboards.  —  The  experiment  is  performed 
on  a  switchboard  such  as  is  shown  in  the  diagram  of  Fig.  477,  in  the 
same  way  as  experiment  29-A  (§  640). 

644,  EXPERIMENT  29-D.  —Assembling  Direct-Current  Switch- 
boards. —  The  experiment  is  performed  in  the  same  way  as  experiment 
29-B  (§  641).  For  the  experiment,  two  generators,  and  all  the  necessary 
instruments  and  auxiliary  apparatus,  should  be  available. 

645,  Determination  of  the  Sizes  of  Switchboard  Apparatus.  — 
In  the  reports  on  some  of  the  above-described  experiments  it  is  required 
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to  determine  the  sizes  of  switchboard  apparatus  for  a  given  capacity 
of  the  plant.    A  few  explanations  may  make  the  calculations  easier. 

(a)  Switches.  Suppose,  for  instance,  the  size  of  the  plant  to  be 
500  kw.  and  the  pressure  250  volts.  If  there  are  two  machines,  each 
machine  has  a  capacity  of  250  kw.,  or  must  deliver  at  full  load  1000 
amperes.  This  is  the  maximum  current  which  the  main  switches  have 
to  carry  continuously.  Some  margin  should  be  allowed  for  possible 
short  overloads,  say  50  per  cent,  but  the  exact  percentage  of  this 
allowance  depends  entirely  upon  the  character  of  the  plant  and  the 
duty  for  which  it  is  intended.  It  seems  that  the  above  figure,  50  per 
cent,  fairly  well  represents  the  average  conditions.  Thus,  the  switches 
must  be  of  a  1000-ampere  250- volt  type;  they  must  be  capable  of  safely 
opening  the  circuit  when  carrying  a  load  of  1500  amperes  (in  case  of  an 
emergency). 

(b)  The  range  of  main  ammeters  is  calculated  in  the  same  way  as 
that  of  the  switches. 

(c)  Bus-Bars.  A  table  will  be  found  in  Foster's  Pocket  Book,  p.  587, 
giving  the  sizes  of  copper  bar  for  various  current-carrying  capacity. 

(d)  Field  rheostats.  Their  range  is  usually  given  in  ohms,  and  in 
amperes  carrying  capacity,  with  all  rheostat  "in,"  and  "out."  Accord- 
ing to  the  size  of  the  machines,  from  2  to  5  per  cent  of  the  main  current  is 
consumed  in  field  excitation;  this  gives  the  amperage  of  the  rheostat. 
For  instance,  in  the  above  example  the  maximum  field  current  of  each 
machine  may  be  assumed  to  be  about  35  amperes.  Therefore,  the  total 
resistance  of  the  field  winding,  when  rheostat  is  all  "out,"  is  250 -$-35  = 
about  7  ohms.  It  is  customary  to  give  the  field  rheostat  such  a  resist- 
ance that  the  field  current  could  be  reduced  to  one  half  its  full  value. 
Thus,  in  our  case,  the  resistance  of  the  field  rheostat  must  be  also  about 
7  ohms,  and  its  current-carrying  parts  must  be  so  dimensioned  that  it 
can  stand  continually  and  without  excessive  heating,  35  amperes  with 
the  resistance  all  "out,"  and  about  18  amperes  with  the  resistance  all 
"  in."     This  is  called  in  practice  a  "  taper  two  to  one  "  rheostat. 

(e)  Overload  circuit-breakers  and  fuses.  They  should  open  the 
circuit  when  the  current  exceeds,  by  a  certain  percentage  (say  50%), 
the  full  rated  capacity  of  a  machine;  their  size  is  figured  out  in  the 
same  way  as  that  of  the  switches  and  ammeters. 

(/)  Voltmeters.  Usually  110- volt  plants  are  supplied  with  150-volt 
instruments;  250-volt  plants  with  300-volt  instruments,  etc.  This 
gives  in  each  case  a  sufficient  margin,  should  the  voltage  for  some 
reason  rise  above  normal. 

(g)  Integrating  wattmeters.  These  are  rated  in  volts  and  amperes; 
for  instance,  in  the  above  example  a  wattmeter  must  be  used  whose 


676  SWITCHBOARDS.  [Chap.  » 

series  windings  can  stand  about  3000  amperes  as  a  maximum  on  over- 
loads (2000  amperes  continual  capacity),  and  the  potential  winding 
designed  for  250  volts. 

(h)  Cables  to  generators  are  figured  out  from  tables  giving  their  safe 
carrying  capacity. 

Designing  switchboards  gives  an  opportunity  for  becoming  ac- 
quainted with  the  catalogs  of  leading  manufacturers  of  switchboard 
supplies,  also  with  the  commercial  types,  notations,  prices,  etc.  Not 
every  size  of  switch  or  of  an  instrument  can  be  found  in  the  catalogs, 
and  the  student  should  use  his  judgment  in  selecting  the  nearest  suit- 
able type.  Give,  in  the  report,  the  theoretical  sizes  and  those  selected 
from  the  catalogs,  using  manufacturer's  notation. 

646.  Miscellaneous  Direct-Current  Switchboards.  —  Generator 
switchboards  described  in  the  preceding  articles  do  not  exhaust  all 
the  types  'of  direct-current  switchboards  used  in  practice,  but  they 
are  the  most  important,  and  offer  the  greatest  variety  of  equipment. 
With  a  clear  understanding  of  generator  switchboards,  the  construct- 
tion  and  operation  of  other  types  of  switchboards  will  be  easily  under- 
stood from  the  requirements  of  service.  Among  such  switchboards 
are  those  used  in  connection  with  motors,  rotary  converters,  arc  lamps, 
storage  batteries,  boosters,  etc. 

2.     ALTKRNATING-CURRENT  SWITCHBOARDS 

647.  Switchboards  for  One  Alternator.  —  The  connections  for  a 
simple  alternating-current  switchboard  are  shown  in  Fig.  479;  such 
switchboards  are  used  in  small  single-phase  plants  distributing  current 
mainly  for  lighting.  In  general  appearance  the  switchboard  is  similar 
to  those  shown  in  Figs.  476  and  480. 

The  generator  is  connected  to  the  main  bus-bars  through  the  main 
switch,  fuses  and  the  ammeter.  The  ammeter  is  shown  connected 
into  the  circuit  through  a  series  transformer  (see  Fig.  44).  Series 
transformers  are  used  for  two  reasons:  (1)  They  permit  manufacturing 
all  ammeters  of  the  same  actual  range  (usually  about  5  amp.)  the 
range  being  multiplied  in  any  desired  ratio  through  a  leries  trans- 
former; (2)  The  ammeter  is  insulated  by  the  transformer  from  the 
line,  which  may  have  a  voltage  of  2200  volts  or  more;  this  adds  to  the 
safety  of  the  operator.' 

Two-phase  and  three-phase  switchboards  have  similar  connections, 
except  that  ammeters  are  usually  provided  in  all  phases,  and  three 
or  four  bus-bars  are  used,  Figs.  480  and  481. 

The  voltmeter  is  shown  connected  across  the  main  bus-bars;  it 
could  also  be  connected  across  the  main  switch,  as  in  Fig.  477.    The 
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voltmeter  is  provided  with  a  potential  transformer  for  the  same 
reasons  for  which  the  series  transformer  is  used  with  the  ammeter. 
A  ground  detector  is  used  instead  of  ground-indicating  lamps,  because 
with  voltages  of  1000  volts  and  above,  too  many  lamps  in  series  would 
be  required.  The  instrument  is  essentially  an  electrostatic  volt- 
meter: the  two  line  wires  are  connected  to  two  stationary  elements,  the 
movable  element  is  connected  to  the  ground.  When  the  insulation  of 
the  line  is  perfect,  equal  static  charges  are  induced  on  both  ends  of  the 
moving  element;  when  one  of  the  wires  is  grounded,  the  movable  ele- 
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Fig.  479.     Switchboard  connections  for  one  single-phase  alternator. 


rnent  is  attracted  more  strongly  to  the  side  which  is  not  grounded; 
this  is  shown  by  a  pointer  on  the  scale.  The  scale  is  calibrated  in  ohms 
or  in  any  arbitrary  units  (see  also  §  287). 

Direct  current  for  exciting  the  field  of  the  alternator  is  supplied  by 
a  small  direct-current  machine,  so-called  exciter.  The  exciter  may  be 
either  direct  connected  to  the  alternator,  belted  to  it,  or  driven  by  its 
own  prime-mover.  In  large  installations,  exciters  are  usually  driven 
by  separate  engines  or  electric  motors. 

The  main  circuit  of  the  exciter  and  one  of  the  terminals  of  its  field 
winding  are  taken  to  the  switchboard  and  connected  to  the  regulating 
rheostats.     The  alternating  voltage  is  adjusted  by  regulating  either 
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rheostat.  It  is  more  economical  to  have  as  little  resistance  as  possible 
in  the  rheostat  to  the  left  ("  Field  Rheostat "),  voltage  adjustment  being 
obtained  by  suitably  regulating  the  exciter  field.  Experience  shows. 
however,  that  enough  range  cannot  be  obtained  in  this  way  for  all 
conditions  of  load,  and  it  is  necessary  to  use  also  the  rheostat  to  the 
left.  The  handles  of  the  two  rheostats  are  sometimes  arranged  con- 
centrically, one  within  the  other,  as  in  Fig.  480,  for  economy  in  space. 

648.  EXPERIMENT  29-E.  —  Tracing  out  Connections  on  an 
Alternator  Panel.  —  The  principal  features  of  construction  and  con- 
nections are  described  in  the  preceding  article.  For  the  conduct  of 
the  experiment  and  the  requirements  of  the  report  see  §  640. 

649.  EXPERIMENT  29-F.— Assembling  an  Alternator  Panel.— 

The  principal  features  of  construction  and  connections  are  described 
in  §  647.  For  the  conduct  of  the  experiment  and  the  requirements  of 
the  report  see  §  641. 

650.  Switchboards  for  Two  or  More  Alternators.  —  Two  or  more 
alternators  may  supply  power  in  parallel  to  the  same  bus-bars,  pro- 
vided the  machines  are  in  synchronism  with  each  other.  This  means 
that  they  must  have  the  same  frequency,  and  that  the  induced  volt- 
ages must  reach  their  maxima  at  the  same  time.  Unless  this  con- 
dition is  fulfilled,  one  generator  will  send  part  of  its  current  into  the 
other  (see  §  462).  Thus  when  two  or  more  alternators  are  con- 
nected to  the  same  bus-bars,  special  synchronizing  connections  must  be 
provided  in  addition  to  the  equipment  shown  in  Fig.  479.  These 
connections  are  described  in  the  next  article. 

A  medium-size  switchboard  for  two  three-phase  alternators  is 
shown  in  Fig.  480.  The  middle  and  the  left-hand  panels  are  generator 
panels;  the  right-hand  panel  contains  ammeters  and  switches  for  two 
feeders.  Each  generator  panel  is  provided  with  three  ammeters  (one 
for  each  phase),  a  field  rheostat,  a  three-pole  main  switch,  and  plug 
switches  in  the  field  circuit.  The  synchronizing  and  the  line  volt- 
meters are  mounted  on  the  bracket  to  the  left.  The  synchronizing 
lamps  and  the  receptacles  for  voltmeter  and  synchronizing  plugs  are 
clearly  seen  in  the  sketch. 

Alternators  do  not  always  run  satisfactorily  in  parallel,  particularly 
when  driven  by  gas  engines.  It  is  sometimes  preferred,  at  least  in 
small  installations,  to  run  the  machines  separately,  distributing  the 
load  between  them  as  well  as  possible.  Two  sets  of  bus-bars  are  there- 
fore provided,  one  alternator  being  connected  to  the  upper  bare,  the 
other  to  the  lower  ones.     The  outgoing   feeders  are  connected  to 
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double-throw  switches,  and  may  be  supplied  with  current  from  either 
machine. 

65 1  •  Synchronizing  Connections. — The  connections  for  synchro n- 
izing  several  three-phase  alternators  are  shown  in  Fig.  481.  Before 
the  main  switch  of  a  machine  is  closed,  the  machine  is  brought  into 
synchronism  with  the  other  machines  already  connected  to  the  bus- 
bars.    The  connections  are  such  that  the  same  synchronizing  lamps  are 


Fig.  480.    A  switchboard  for  two  three-phase  alternators  and  two  outgoing  lines. 

used  with  all  the  machines.  Separate  synchronizing  bus-bars  are 
provided,  the  lamps  being  connected  between  these  and  the  main 
bus-bars.  Each  incoming  machine  may  be  connected  to  the  syn- 
chronizing bus-bars  through  the  synchronizing  receptacle,  by  a  suit- 
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able  plug  being  inserted  into  the  receptacle.  After  synchronism  has 
been  obtained  the  main  switch  of  the  machine  is  closed.  The  plug 
may  be  left  in  the  receptacle,  until  it  is  needed  for  synchronizing 
another   alternator. 

A  synchroscope  (see  §  464)  is  shown  in  addition  to  the  synchroniz- 
ing lamps.  Both  are  usually  provided  on  large  switchboards,  and 
either  or  both  may  be  used  as  desired.  In  high-voltage  installations 
the  lamps  and  the  synchroscope  are  connected  to  the  bus-bars  through 
potential  transformers. 

652,  Voltmeter  Connections.  —  One  voltmeter  is  ordinarily  used 
for  indicating  the  voltage  of  any  number  of  alternators;  the  connec- 
tions are  shown  in  the  lower  part  of  Fig.  481 .  The  voltmeter  is  con- 
nected to  so-called  voltmeter  bus-bars,  and  each  machine  is  provided 
with  a  voltmeter  receptacle,  by  means  of  which  the  voltmeter  may  be 
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Fig.  481.     Synchronizing  and  voltmeter  connections  for  three-phase  alternators. 

made  to  indicate  the  pressure  in  either  phase  of  any  machine.  The 
corresponding  plug  is  shown  in  Fig.  478.  The  connections  to  alternator 
No.  2  are  lettered  and  can  be  easily  followed.  When  the  voltmeter 
plug  is  inserted  into  the  four  holes  to  the  left,  a  is  connected  to  t'i, 
and  b  is  connected  to  v2,  so  that  the  voltmeter  reads  the  voltage  in  the 
phase  a-b.  When  the  plug  is  in  the  four  middle  holes  the  voltmeter 
shows  the  voltage  6-c;  with  the  plug  in  the  four  holes  to  the  right,  the 
pressure  in  a-b  is  indicated. 

A  second  voltmeter  is  connected  permanently  to  the  main  bus-bars. 
This  is  necessary  for  watching  the  line  voltage  while  one  of  the 
machines  is  being  synchronized  and  the  first  voltmeter  is  disconnected 
from  the  line.     Both  voltmeters  are  sometimes  mounted  on  a  swing- 
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ing  arm,  as  shown  in  Fig.  480;  the  voltmeter  receptacles  are  also  shown 
on  the  left  and  the  middle  panels. 

653.  Special  Instruments.  —  Integrating  wattmeters  are  often 
mounted  on  switchboards.  The  connections  are  shown  in  Fig.  92 
for  single-phase  wattmeters,  and  in  Fig.  98  for  three-phase  watt- 
meters. As  these  instruments  are  read  at  infrequent  intervals  only, 
they  may  be  mounted  in  any  available  space. 

Indicating  wattmeters  are  generally  used  on  large  switchboards, 
mostly  for  measuring  the  power  output  of  each  individual  generator. 
The  connections  are  the  same  as  with  integrating  wattmeters. 

Special  instruments  are  sometimes  used  on  switchboards  to  enable 

the  attendant  to  follow  more  closely  the  operation  of  the  machines; 

*  as  such   instruments,  power-factor  meters   (§  82)  and  frequency  meters 

(§  474)   are  in  quite  general  use.     Recording  instruments   (§  50)   are 

also  becoming  more  and  more  popular  with  power-station  engineers. 

Tirrett  regulators  are  now  coming  rapidly  into  use  for  automatically 
maintaining  a  constant  line  voltage.  Their  construction  and  connections 
are  described  in  §  460.  The  regulator  is  mounted  either  on  the  panel 
itself,  if  space  is  available,  or  on  a  bracket  at  one  side  of  the  switchboard. 

654.  EXPERIMENT  29-G.  —  Tracing  Out  Connections  on 
Large  Alternating-Current  Switchboards.  —  For  a  description  of 
switchboards  see  §§  65.0  to  653.  The  directions  for  the  conduct  of  the 
experiment  are  the  same  as  §  640. 

655.  EXPERIMENT  29-H.  —  Assembling  Alternating-Current 
Switchboards.  —  For  a  description  of  switchboards  see  §§  650  to  653. 
The  directions  for  the  conduct  of  the  experiment  are  similar  to  those  in 
}641. 

656.  Remote-Control  Switchboards.  —  With  alternators  of  sev- 
eral thousand  kilowatts  capacity,  the  switches  become  too  heavy  to  be 
operated  by  hand.  Aside  from  this  it  is  not  safe  to  operate  them  by 
hand  because  of  the  extremely  high  voltages  commonly  used  in  large 
power  houses. 

For  these  two  reasons,  oil  switches  —  controlling  generator  and 
feeder  circuits  —  are  usually  placed  in  a  safe  and  convenient  place 
apart  from  the  switchboard.  They  are  opened  and  closed  by  solenoids 
or  small  motors  connected  to  an  auxiliary  low- voltage  circuit.  The 
operator  has  the  control  of  the  auxiliary  circuit  on  the  main  switch- 
board, and  opens  and  closes  the  main  switches  by  operating  small 
auxiliary  switches.  Tell-tale  indicators  or  lamps  are  provided,  so 
that  the  operator  may  see  whether  a  certain  switch  is  open  or  closed. 
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With  large  capacity  machines  field  rheostats  are  too  bulky  to  be 
mounted  behind  the  switchboard.  They  are  usually  placed  under  the 
switchboard  gallery  and  operated  from  the  gallery  by  sprocket  wheels 
and  chains. 

Relays  are  provided  in  large  power  houses  for  automatically  opening 
the  main  switches  on  overloads,  or  in  case  the  current  becomes  reversed. 

657.  Miscellaneous  Alternating-Current  Switchboards. —  Genera- 
tor switchboards,  described  in  the  preceding  articles,  do  not  comprise 
all  the  alternating-current  switchboards  used  in  practice.  However, 
they  are  the  most  important  and  offer  the  greatest  variety  in  equip- 
ment. With  a  clear  understanding  of  generator  switchboards,  the 
construction  and  operation  of  other  alternating-current  switchboards 
will  be  easily  understood  from  the  requirements  of  service.  Among 
these  types,  the  principal  are  those  used  for  controlling  synchronous 
and  induction  motors,  rotary  converters,  transformers,  arc-lamps,  etc. 


CHAPTER  XXX. 
CONTROLLERS  AND  REGULATORS. 

658.  An  electric  controller  in  the  specific  sense  of  the  word  is  a 
device  for  starting,  regulating  speed  of,  and  reversing,  electric  motors. 
The  controllers  described  in  this  chapter  are  for  use  with  direct- 
current  motors  only.  Induction  motor  starters  and  regulators  are 
described  in  §  523;  starting  and  regulation  of  synchronous  motors  is 
explained  in  §§  467  and  470. 

As  indicated  by  Fig.  284,  which  shows  a  complete  diagram  of  connec- 
tions of  a  shunt-wound  motor,  a  variable  resistance  must  be  used  for 
starting.  A  second  resistance  is  used  for  field  control,  if  variable  speed 
is  desired.  If  it  is  necessary  to  operate  the  motor  in  both  directions,  a 
double-throw  switch  is  substituted  for  the  single-throw  main  switch; 
to  reverse  the  motor,  the  armature  leads  are  interchanged. 

But  the  use  of  three  separate  devices  could  not  be  tolerated  in 
practice,  such  a  system  being  awkward  and  complicated.  It  is  par- 
ticularly objectionable  in  cases  where  motors  are  started  and  reversed 
many  times  a  day,  or  are  intrusted  to  incompetent  persons.  Operat- 
ing the  above  three  devices  in  a  wrong  order  would  cause  an  accident: 
For  instance,  closing  the  main  switch  when  the  starting  resistance  is  all 
"out  "  is  sure  to  blow  the  fuse,  and  may,  under  certain  circumstances, 
do  considerable  damage  to  the  motor.  Therefore,  controllers  and 
starters  must  either  be  combined  in  one  device,  or  be  so  mutually  inter- 
locked, that  it  would  be  impossible  to  operate  them  in  a  wrong  order. 

A  study  of  such  improved  starting  and  regulating  devices  is  the 
subject  of  this  chapter. 

1.     MOTOR    STARTERS    AND    REGULATORS. 

659.  Starters  with  No- Voltage  Release. — A  common  type  of  starter 
for  shunt-wound  motors  is  shown  in  Fig.  482,  in  front  and  side  views. 
Its  automatic  feature  consists  in  an  electromagnet  (no-voltage  release) 
which  holds  the  starting  arm  in  the  running  position  as  long  as  the 
coil  is  energized  from  the  line.  Should  the  main  switch  be  opened,  a 
fuse  blow,  or  the  power  be  shut  off  for  any  reason,  the  starting  arm  is 
released,  and  returns  to  its  "off  "  position  under  the  action  of  the 
spiral  spring  at  its  pivot. 
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The  starting  resistances  are  placed  in  a  box  provided  with  venti- 
lating slots.  Taps  from  resistances  are  taken  to  the  contact  buttons 
on  the  face  plate.  The  release  coil  is  wound  on  an  iron  core,  and  i» 
provided  with  two  pole-pieces.  The  starting  arm  has  an  iron  arma- 
ture attached  to  it,  which  is  held  by  the  pole-pieces  in  the  running 
(extreme  right)  position  of  the  arm. 

The  armature  of  the  motor  is  connected  across  the  circuit  in  series 
with  the  starting  resistance.  The  field  and  the  release  coil  form 
another  circuit.  When  the  motor  is  standing  still  the  starting  arm 
is  in  the  position  shown  in  the  sketch,  and  the  main  switch  is  open. 
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Fig.  482.     Motor  starter  with  no-voltage  release. 


To  start  the  motor,  the  main  switch  must  be  closed  first,  and  then  the 
starting  arm  moved  slowly  to  the  right.  On  the  first  notch  all  of  xhv 
starting  resistance  is  connected  in  series  with  the  armature;  as  the  arm 
is  moved  farther,  the  resistance  is  gradually  cut  out  of  the  circuit, 
until  on  the  last  notch  the  armature  is  connected  directly  across  the 
line.  In  this  position  the  starting  arm  is  held  by  the  release  elect  ro- 
magnet. 

To  stop  the  motor  the  main  switch  is  opened.  This  deenergizes 
the  release  coil,  and  the  starting  arm  flies  back  to  its  zero  position, 
under  the  action  of  the  spiral  spring,  seen  in  the  side  view  to  the  right. 
The  same  happens,  should  the  field  circuit  be  open  for  any  reason,  or 
the  power  be  shut  off.     Thus,  whenever  the  motor  is  stopped,  the 
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starting  resistance  is  automatically  introduced  into  the  motor  circuit, 
protecting  the  motor  for  the  next  starting. 

The  small  auxiliary  contact  a  connected  to  the  first  starting  button 
serves  two  purposes:  (1)  It  permits  energizing  the  field  of  the  motor 
a  moment  before  the  armature  circuit  is  closed,  thus  allowing  for  the 
time  lag  due  to  a  considerable  inductance  of  the  field  winding. 
(2)  It  takes  up  the  spark  when  the  starting  arm  flies  back  to  zero 
position;  after  the  contact  is  sufficiently  burnt  by  this  spark,  the 
button  a  can  be  easily  replaced. 

It  will  be  seen  from  the  diagram  that  the  part  of  the  starting  resist- 
ance cut  out  of  the  armature  circuit  is  automatically  introduced  into 
the  field  circuit.  This  is  of  no  practical  importance,  since  the  starting 
resistance  is  many  times  lower  than  the  resistance  of  the  field  winding 
of  the  motor. 

In  some  cases,  the  motor  field  winding  and  the  no-voltage  release 
coil  are  connected  independently  across  the  line,  instead  of  being  in 
series  with  each  other.    This  is  done,  for  instance,  when  it  is  impossible 
to  put  the  required  number  of  ampere-turns  on  the  coil  in  any  other 
way,  especially  with  high  voltages. 

In  the  above  starting  box  the  arm  is  returned  to  its  zero  position 
if  it  be  left  on  an  intermediate  notch,  so  that  the  starter  cannot  be 
used  for  regulating  the  motor  speed.  In  some  cases,  however,  this 
regulation  is  required,  and  the  starting  arm  is  allowed  to  remain 
indefinitely  in  any  position.  For  instance,  regulators  used  with  small 
fan  motors,  where  economy  is  a  secondary  consideration,  are  so 
arranged. 

If  it  is  desired  to  have  a  no-voltage  release  with  such  regulators, 
the  starting  arm  is  provided  with  a  sector  having  slots  on  its  periphery. 
The  release  coil  has  a  pivoted  armature  carrying  a  hook  on  one  end. 
This  hook  engages  in  any  of  the  slots  of  the  sector,  and  holds  the  arm 
in  a  desired  position,  as  long  as  the  coil  is  energized.  When  the 
power  is  off  the  armature  is  released  and  the  spiral  spring  returns 
the  *rm  into  the  "off"  position. 

660.  Multiple-Switch  Starters. —  With  large  motors  it  becomes 
difficult  to  insure  a  good  contact  between  the  buttons  and  the  arm,  with 
the  construction  shown  in  Fig.  482.  A  good  solution  is  to  use  sepa- 
rate switches  for  each  step,  as  shown  in  Fig.  483.  The  connections 
are  similar  to  those  shown  in  Fig.  482,  including  the  automatic  no- 
voltage  release.  The  switches  are  mutually  interlocked,  so  that  they 
can  be  closed  in  a  certain  order  only.  The  first  switch  to  the  left, 
when  closed,  is  held  in  position  by  the  no-voltage  coil,  provided  the 
latter  is  energized.    This  first  switch  pushes  out  of  the  way  a  stop 
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which  otherwise  prevents  the  second  switch  from  being  closed.  Now 
the  second  switch  may  be  closed;  this  being  done,  the  stop  of  the  third 
switch  is  lifted  up,  etc.  Should  the  power  be  cut  off,  the  no-voltage 
coil  releases  the  first  switch,  and  then  all  the  switches  open  at  once. 

Some  details  of  construction  may  be  seen  in  the  side  view  to  the 
right.  The  switch  st  is  shown  closed,  the  switch  s2  open.  The  switches 
are  provided  with  curved  copper  brushes  c  which  close  the  circuit 
between  a  bus-bar  n  and  contacts  mt  connected  to  the  sections  of  the 
starting  resistance.  The  retaining  hooks  d  and  their  locks  are  also 
clearly  seen  in  the  sketch. 
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Switches  ^  Y 
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Fig.  483.     Unit-switch  type  motor-starter  with  no-voltage  release. 

661.  Electrically  Operated  Starters.  —  Instead  of  operating  a 
starting-rheostat  by  hand,  as  shown  in  Figs.  482  and  483,  the  rheostat 
may  be  operated  electrically,  by  solenoids  energized  from  an  auxiliary 
circuit. 

The  principal  cases  in  which  starters  are  operated  electrically 
(Fig.  484)  instead  of  by  hand  are: 

(1)  Where  it  is  necessary  to  start  a  motor  from  a  distance,  for 
instance,  from  an  elevator  car. 

(2)  Where  it  is  desired  to  have  an  acceleration  independent  of  the 
operator's  will,  as  in  large  electric  cars. 

(3)  Where  the  motor  is  started  and  stopped  automatically,  —  for 
instance,  by  a  float  in  a  water  tank. 

With  the  arrangement  shown  in  Fig.  484,  closing  the  main  switch 
energizes  the  solenoid,  whose  plunger  moves  the  starting-arm  upward, 
cutting  out  the  resistance.  The  rate  at  which  the  arm  is  moved  is 
regulated  by  the  dash-pot.  At  the  end  of  the  travel,  an  auxiliary 
contact  shown  in  the  sketch  is  broken  by  the  arm,  and  some  resistance, 
usually  a  lamp,  introduced  into  the  solenoid  circuit.    The  current  in 
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the  coil  is  thereby  reduced  to  a  value  just  sufficient  to  hold  the  starting- 
arm  in  the  upper  running  position.  When  the  power  is  off,  or  the 
main  switch  is  opened, 
the  solenoid  is  deener- 
gized,  and  the_.s£artkig- 
arm  falls  by  gravity  to 
its  zero  position. 

It  is  not  necessary  to 
run  the  main  line  to  the 
place  from  which  the  mo- 
tor is  started:  An  elec- 
trically operated  main 
switch,  Fig.  485,  may  be 
placed  near  the  solenoid 
starter,  and  only  small 
service  wires  run  to  the 
operator's  place.  Clos- 
ing the  service  switch 
energizes  the  solenoid  C 
of  the  main  switch,  which 
in  turn  closes  the  main 
circuit.  This  energizes  the  starter  solenoid  and  the  starting-arm 
begins  to  move  (Fig.  484). 

This  arrangement  is  used  with  motor-driven  pumps  and  air  com- 
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Fig.  484.    An  automatic  motor  starter. 


Fig.  485.    An  electrically  operated  switch  for  remote  control, 
pressors.     The  circuit  aa  to  the  solenoid  of  the  main  switch  is  closed 
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automatically  by  a  float  switch,  or  by  a  pressure  indicator,  when  the 
water  level  in  tank  or  the  air  pressure  is  beyond  certain  limits.  This 
automatically  starts  and  stops  the  motor,  as  needed. 

With  large  motors,  or  when  the  connections  are  more  complicated, 
several  unit  switches,  such  as  the  one  in  Fig.  485,  are  used,  instead  of  a 
starting-arm.  This  is  the  system  applied  in  many  electric  elevators 
(see  Fig.  498) ;  also  in  the  multiple-unit  system  of  electric  train  control 
(Fig.  509). 

662.  EXPERIMENT  30-A.—  Operating  Direct-Current  Motor 
Starters  with  No-Voltage  Release.  —  A  starting-box  should  be  pro- 
vided, of  a  type  shown  in  Fig.  482,  and  a  suitable  motor  to  be  oper- 
ated in  connection  with  it;  also  an  ammeter,  a  voltmeter,  and  means 
for  loading  the  motor. 

(1)  Wire  up  the  motor  and  the  starting-box,  and  practice  starting 
and  stopping.  Make  clear  to  yourself  the  order  in  which  the  main 
switch  and  the  handle  of  the  rheostat  should  be  operated,  and  to  what 
extent  the  arrangement  is  "fool-proof";  also  what  would  happen  if 
operations  were  performed  in  a  wrong  order. 

(2)  Explain  why  the  handle  does  not  fly  back  immediately  after 
the  main  switch  is  opened;  prove  the  explanation  by  an  experiment. 
Determine  the  minimum  line  voltage  at  which  the  coil  can  hold  the 
arm.  Interpose  pieces  of  thin  paper  between  the  coil  and  its  armature, 
and  observe  the  effect  on  the  magnetic  attraction. 

(3)  Apply  a  certain  brake  load  and  start  the  motor  by  moving 
the  rheostat  arm  at  a  certain  definite  speed,  for  instance,  using  a 
metronome.  Read  instantaneous  values  of  line  amperes  and  volts 
across  the  armature  every  few  seconds.  With  three  observers,  after 
some  practice,  it  is  possible  to  take  readings  on  an  instrument  every 
two  seconds:  One  man  signals  at  the  proper  time,  another  reads  aloud 
the  scale  indications,  the  third  records  the  readings.  A  much  better 
way  is  to  use  high-speed  recording  ammeters  and  voltmeters  (§§  52  and 
701),  if  such  are  available.  Repeat  the  same  experiment  with  different 
rates  of  starting,  and  with  different  values  of  the  load. 

(4)  Measure  total  resistance  of  the  starting-box,  and  the  resist- 
ances of  separate  steps.  This  may  be  done  by  putting  a  steady 
current  through  the  rheostat,  and  taking  voltage  drop  between  ad- 
jacent buttons. 

(5)  If  electrically  operated  starters  are  available,  such  as  shown  in 
Figs.  484  and  485,  connect  up  and  operate  them,  in  order  to  clearly 
understand  their  action.  Take  a  few  readings,  as  before,  in  order  to 
characterize  the  devices  by  their  performance. 
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Report  Draw  diagrams  of  actual  connections  used  during  the 
experiment.  Explain  your  findings  concerning  the  operation  of  the 
no-voltage  release  coil.  Give  curves  showing  the  variation  of  motor 
volts  and  amperes  during  the  period  of  starting;  show  the  influence  of 
the  load  and  of  the  rate  of  starting.  Plot  the  resistance  of  steps  and 
the  total  resistance  of  the  rheostat  to  steps  as  abscissas;  explain  the 
reason  for  which  the  resistances  of  various  steps  are  made  different. 

663.  Overload  Release.  —  In  the  above-described  starters,  no  pro- 
vision is  made  for  protecting  the  motor  against  overloads,  except  the 
fuses  in  the  main  circuit.  This  is  a  satisfactory  solution  in  cases 
where  overloads  occur  but  seldom;  but,  with  frequent  overloads,  fuses 
are  expensive  and  inconvenient.  An  automatic  circuit-breaker  is  pre- 
ferably used  in  such  cases,  in  place  of  fuses,  or  in  connection  with  them. 
A  circuit-breaker  is  an  automatic  switch  opened  by  a  coil  connected  in 
series  with  the  main  circuit.  When  the  current  exceeds  a  certain  limit, 
the  coil  attracts  an  iron  armature,  which  trips  and  opens  the  switch. 

Where  a  fuse  and  a  circuit-breaker  are  used  in  conjunction,  the  fuse 
is  supposed  to  take  care  of  long  but  moderate  overloads,  while  the 
circuit-breaker  operates  on  sudden  excessive  overloads.  A  con- 
tinual overload  is  certain  to  heat  up  and  melt  a  fuse,  but  it  may  not 
give  enough  momentum  to  the  armature  of  the  circuit-breaker  to  trip 
it.  On  the  contrary,  a  short  but  heavy  overload  may  not  melt  a  fuse 
but  is  able  to  communicate  a  considerable  momentum  to  the  armature 
of  the  circuit-breaker. 

There  is  softie  demand  for  starters  having  an  overload  feature 
incorporated  in  them,  instead  of  separate  circuit-breakers  or  fuses. 
A  device  of  this  kind  is  shown  in  Fig.  486.  In  addition  to  the  parts 
shown  in  Fig.  482,  it  has  a  second  arm  k,  which  closes  the  main  circuit 
and  is  connected  by  a  spiral  spring  to  the  starting-lever,  so  that  the 
two  arms  are  impelled  towards  each  other.  '  Under  ordinary  con- 
ditions, the  overload  lever  k  is  prevented  from  flying  up  by  a  lock  t, 
and  thus  keeps  the  main  circuit  closed  between  the  jaw  /  and  the 
starting-arm. 

Should  the  line  current  exceed  a  certain  limit,  the  series  coil  c,  shown 
in  the  lower  part  of  the  starter,  attracts  its  plunger  upwards;  the  same 
strikes  the  lock  t,  releases  the  overload  lever  k,  which  opens  the  circuitr 
The  lever  has  no  handle  attached  to  it,  so  that  in  order  to  return  it  to 
its  former  position  and  close  the  circuit,  it  is  necessary  to  return  the 
starting-arm  to  its  "  zero  "  position,  and  then  start  the  motor  again. 
This  feature  prevents  starting  the  motor  with  the  resistance  cut  out 
of  the  circuit.  The  underload  or  no- voltage  release  acts  in  the  same 
way  as  in  Fig.  482,  and  is  independent  of  the  overload  feature. 
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The  overload  release  may  be  made  to  operate  at  any  predetermined 
current  (within  certain  limits),  by  raising  or  lowering  the  plunger  by 
the  knurled  head  r.     The  setting  is  read  in  amperes  on  the  scale. 

Another  type  of  starter  with  an  overload  release  is  shown  in  Fig. 
487;  only  the  lower  part  of  the  face  plate  is  shown,  the  rest  being 
identical  with  the  construction  illustrated  in  Fig.  486.  The  use  of 
the  second  arm  is  avoided  here:  When  the  current  exceeds  a  certain 

limit,  the  overload  coil  c 
attracts  the  iron  armature  t, 
which  strikes  and  closes  the 
auxiliary  contact  p.  This 
short-circuits  the  no-voltage 
release  coil,  and  the  starting- 
arm  flies  back  to  "zero" 
position.  The  armature  t 
may  be  set  by  means  of  the 


Fio.  486.     A  motor  starter  with  no-voltage 
and  overload  release. 


Fig.  487.    Another  type  of  over- 
load release  (see  Fig.  486). 


screw  r  to  open  the  circuit  at  a  desired  value  of  the  current. 

It  is  generally  agreed  that  the  device  shown  in  Fig.  486  is  more 
positive  in  its  action  than  that  shown  in  Fig.  487,  but  the  latter  \s 
less  expensive. 

664.  EXPERIMENT  30-B.  —  Operating  Direct-Current  Motor 
Starters  with  Overload  Release.  —  Two  types  of  starters  should  be 
investigated:  (a)  Double-arm  starter,  as  in  Fig.  486,  and  (6)  single- 
arm  starter,  Fig.  487.  It  is  well  to  test,  in  addition,  an  ordinary 
starter  with  no-voltage  release  (Fig.  482),  using  a  separate  overload 
circuit-breaker. 

(1)  Connect  the  devices  in  succession  to  a  motor,  and  practice 
starting.     Observe  the  action  of  the  overload  protection.     Make  clear  to 
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yourself  that  no  wrong  move  is  possible,  except  with  deliberate  inten- 
tion. 

(2)  Calibrate  the  overload  attachment  in  amperes.  For  this  work 
use  an  ordinary  load  rheostat  instead  of  a  motor;  the  main  current  can 
be  kept  more  constant. 

(3)  Make  tests  of  the  influence  of  the  "time  element  "  on  the  action 
of  the  overload  attachment.  Adjust  a  certain  current  through  the 
coil  c,  said,  then  increase  the  current  by  a  certain  per  cent,  first  gradually, 
then  instantaneously:  observe  the  difference  in  the  operation  of  the 
tripping  mechanism.  Perform  this  experiment  with  different  values  of 
current,  and  with  different  percentages  of  increase. 

(4)  Compare  the  action  of  fuses  and  of  a  circuit-breaker  on  slow 
and  sudden  overload;  obtain,  if  possible,  definite  numerical  results. 

Report.  Give  a  diagram  of  the  actual  connections  used.  Describe  the 
influence  of  the  time  element,  and  the  difference  in  the  action  of  fuses 
and  circuit-breakers.  Give  your  opinion  as  to  the  relative  advantages 
of  the  types  of  starters  investigated,  and  describe  peculiarities  of  opera- 
tion, if  any. 

665.  Field  Control.  —  In  the  above-described  starting  rheostats, 
no  provision  is  made  for  regulating  the  field  current  of  the  motor,  in 
other  words,  for  varying  its  speed.  If  speed  control  is  required,  an  addi- 
tional rheostat  must  be  connected  into  the  field  circuit.  But  it  must 
be  remembered  that  the  motor  should  always  be  started  with  as  strong 
a  field  as  possible,  in  order  to  get  a  good  starting  torque,  without  an 
excessive  rush  of  current.  Therefore,  the  starting  and  field  rheostats 
must  be  suitably  interlocked,  either  mechanically  or  electrically. 

A  popular  device  of  this  kind  is  shown  in  Fig.  488:  the  lower  row  of 
contacts  is  connected  to  the  starting  resistance,  the  upper  row  to  the 
field  rheostat.  A  double  lever  is  provided,  the  outside  arm  being  for  the 
field  contacts,  the  inside  one  for  the  starting  contacts  (see  side  view 
to  the  right).  The  outside  arm  only  is  provided  with  an  operating 
handle.  In  starting,  the  two  arms  are  moved  together,  but  the  field 
arm  is  electrically  inoperative,  because  the  field  current  flows  directly 
through  the  starting-lever,  the  bar  b,  the  solenoid,  and  into  the  field 
of  the  motor.  At  the  end  of  the  starting  period,  the  starting-lever 
is  attracted  and  held  by  the  no- voltage  release  coil,  while  the 
field  lever  may  be  moved  back  to  increase  the  speed  of  the  motor. 
The  upper  row  of  contacts  is  now  operative,  since  the  starting-lever 
no  longer  touches  the  short-circuiting  bar  b,  but  rests  on  the  blind 
button  d. 

Opening  the  main  switch  releases  the  starting-lever,  which  flies  back, 
strikes  on  its  way  the  field  lever,  and  both  levers  are  returned  to  the 
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"  zero  "  position.  It  will  be  clearly  seen  from  the  above  description, 
that  it  is  impossible  to  start  the  motor  with  weakened  field.  An  over- 
load feature,  such  as  is  shown  in  Fig.  487,  may  be  added  to  this  starter. 
In  some  cases  it  is  preferred  to  have  a  field  rheostat  separate  from  the 
starter.  In  one  device  of  this  kind  the  field  rheostat  is  kept  normally 
short-circuited,  by  the  armature  of  an  electromagnet:  This  insures 
starting  the  motor  with  full  field.  The  short-circuit  is  not  removed 
by  energizing  this  electromagnet,  since  the  armature  is  too  far  from  it 
to  be  attracted.  But  v. hen  the  field-regulating  arm  is  returned  to  its 
"zero"  position,  corresponding  to  the  strongest  field,  it  pushes  the 
armature  against  the  electromagnet,  and  removes  the  short-circuit. 
After  this,  any  amount  of  resistance  may  be  cut  into  the  field  circuit, 
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Fig.  488.   A  combination  motor  starter  and  speed  regulator  (Cutler- Hammer  Mfg.  Co.). 

if  desired,  and  the  motor  speed  increased.  But  as  soon  as  the  main 
switch  is  opened,  the  short-circuiting  armature  of  the  field  rheostat  is 
again  released  and  the  field  rheostat  short-circuited,  independent  of  the 
position  of  its  operating  arm. 


666.  EXPERIMENT  30-C.  —  Operating  Motor  Speed  Regu- 
lators. —  A  device,  such  as  is  shown  in  Fig.  488,  should  be  provided; 
also  an  ordinary  starter,  as  in  Fig.  482,  with  a  separate  field  rheostat. 
An  ammeter  should  be  connected  into  the  field  circuit. 

(1)  Connect  the  speed  regulator  to  a  motor  and  practice  operating  it; 
make  clear  to  yourself  the  automatic  features  of  the  device. 
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(2)  Measure  the  speed  and  field  current  of  the  motor  with  several 
positions  of  the  regulating  handle. 

(3)  Measure  the  total  resistance  of  the  field  rheostat,  and  the  resist- 
ances of  the  separate  steps;  also  the  resistance  of  the  motor  field. 

(4)  Connect  the  common  type  of  motor  starter  and  a  separate  field 
rheostat  in  place  of  the  combination  starter  and  regulator.  Devise  an 
electrical  or  mechanical  interlocking  arrangement,  which  would  prevent 
starting  the  motor  with  weakened  field. 

Report  the  connections  used,  and  the  automatic  features  of  the 
device  tested.  Plot  curves  of  motor  speed,  field  current,  and  total 
resistance  in  the  field  circuit,  to  rheostat  steps  as  abscissae.    Describe 


Fig.  489.    Crane  controller. 

your  own  automatic  arrangement,  devised  to  prevent  the  motor  from 
being  started  with  weakened  field. 

667.  Crane  Controllers.  —  The  principal  points  of  difference 
between  the  duties  which  a  crane  controller  is  called  on  to  perform, 
and  those  performed  by  the  regulators  and  starters  described  above,  are: 

(1)  Series  motors  are  used  on  cranes,  so  that  there  is  no  separate  field 
circuit  (Fig.  285). 

(2)  No  automatic  feature  or  interlocking  is  required,  the  operator 
himself  watching  the  performance  of  the  motor  constantly. 

(3)  The  controller  must  be  reversible. 

Face-plate  controllers  (Fig.  489)  are  generally  used  for  crane  service. 
On  large  three-motor  cranes,  three  such  controllers  are  placed  side  by 
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of  the  line  passes  through  the  finger  a,  the  strips  z,  xA}  xZ)  x2,  and  xx  to 
the  finger  e;  thonce,  through  the  whole  starting  resistance,  to  the  arma- 
ture of  the  motor  and  out  to  the  other  terminal  of  the  line*.     On  the 


Fig.  400.    Starting  connections. 

second  notch  the  finger  d  touches  the  strip  x2,  and  part  of  the  starting 
resistance,  that  between  d  and  e,  is  cut  out.  On  the  third  notch  still 
more  resistance  is  cut  out,  and  finally  on  the  fourth  notch  the  current 
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taunt  Field. 


Controller  Position* 


Fig.  491.    Field-control  connections. 


flows  through  a,  z,  z4  and  b  direct  to  the  armature,  without  any  starting 
resistance  in  series:  this  is  the  running  position  of  the  drum. 

Fig.  491  represents  controller  connections  for  speed  control,  by  means 
of  a  variable  resistance  in  the  field  circuit;  for  the  sake  of  clearness  the 
starting  connections  are  omitted.     On  the  first  notch  the  field  is  excited 
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Fio.  402.    Connections  for  reversing. 


directly  across  the  line  without  any  resistance  in  series  with  it.  This 
gives  the  strongest  field,  and  therefore  the  lowest  speed.  On  the  second 
notch  the  resistance  between  the  fingers  b  and  c  is  inserted  into  the  cir- 
cuit, on  the  third  notch  that  between  b  and  d,  etc.,  until  on  the  last  notch 
all  of  the  field  resistance  is  put  into  the  circuit,  and  the  motor  runs  at  its 
highest  speed. 

Connections  for  reversing  the  motor  are  shown  in  Fig.  492.  When 
the  drum  is  in  the  "Forward"  position,  the  current  from  the  positive 
terminal  flows  through  a,  x19  x% 
and  b  to  the  armature  terminal  Au 
and  thence  returns  to  the  line 
through  the  terminal  A2.  When 
the  controller  handle  is  in  the 
"Reverse"  position,  the  current 
passes  through  a,  yv  ys  and  c  to 
the  armature  terminal  A2,  thus 
flowing  through  the  armature  in 
the  opposite  direction.  Therefore, 
the  motor  now  runs  in  the  oppo- 
site direction,  the  field  connections 
not  being  reversed. 

Controller  connections  for  operating  a  motor  on  a  three-wire  system 
(§  318)  are  shown  in  Fig.  493:  In  the  position  marked  "Half-speed" 
the  armature  is  connected  between  the  positive  and  the  neutral  (±) 
wires;  at  full  speed  it  is  connected  between  the  positive  and  the  negative 
terminals. 

671.  Examples  of  Actual  Con- 
nections. —  With  a  clear  understand- 
ing of  the  above  simple  diagrams,  the 
following  out  of  the  connections  in 
Figs.  494  and  495  will  hardly  offer  any 
r°  '  *>1-J  difficulties.  Fig.  494  represents  the 
<$JJLT)  I  connections  in  a  single-voltage  rever- 

sible controller:  The  motor  shown  is 
compound-wound,  but  the  series  field 
has  nothing  to  do  with  the  operation 
of  the  controller,  which  can  just  as  well  be  used  with  a  shunt-wound 
motor.  The  controller  has  two  starting  positions,  1  and  2,  in  which 
the  armature  resistance  is  gradually  cut  out  of  the  circuit;  the  other 
positions  are  for  field  control. 

The  line,  the  armature  leads,  and  one  of  the  terminals  of  the  field  are 
connected  to  the  fingers  corresponding  to  the  long  strips,  and  are  in  the 


Fio.  498.    Three-wire  connections. 
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circuit  for  all  positions.  The  "Forward  "  strips  and  the  "  Reverse*' 
strips  are  so  connected,  that  the  current  flows  through  the  armature  in 
opposite  directions.  The  shorter  upper  strips  are  for  cutting  out 
starting  resistance  in  steps.  The  lower  diagonal  strips  serve  for  gradu- 
ally introducing  resistance  into  the  field.  Fewer  steps  are  provided 
on  the  "Reverse,"  because  it  is  not  supposed  to  be  used  in  regular 
operation. 

The  controller  shown  in  Fig.  495  is  designed  for  a  three-wire  system. 
No  starting-notches  are  provided;  the  starting  resistance  is  automati- 
cally cut  out  in  one  step  by  a  spring-actuated  contact  c,  which  is  released 


Fio.  494.     Connections  of  a  reversible  machine-tool  controller. 


by  the  controller,  and  retarded  by  a  dash-pot,  shown  in  the  upper  right, 
hand  corner  of  the  sketch.  This  arrangement  prevents  a  rush  of  cur- 
rent due  to  the  operator  passing  the  first  contact  too  rapidly, 

In  the  "  Forward"  direction,  the  motor  may  be  operated  both  on  high 
and  low  voltages;  the  "Reverse"  strips  are  connected  to  the  low 
voltage  only.  In  most  cases  it  is  sufficient  to  operate  the  motor  in  the 
"Reverse  "  direction  at  moderate  speeds  only. 

The  blow-out  coil  shown  in  both  sketches  is  for  the  purpose  of 
extinguishing  the  arc  at  the  finger  strip  which  finally  opens  the  circuit. 
The  coil  is  connected  in  series  with  the  main  circuit  and  produces  a 
strong  magnetic  field  in  the  place  where  the  last  contact  in  the  controller 
is  broken.  This  field  shifts  the  arc  outwards,  increases  its  length,  and 
in  this  way  blows  it  out  (Fig.  506). 
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672.  Experimental  Controller.  —  In  studying  connections  and 
experimenting  with  an  actual  controller,  the  student  is  handicapped 
by  the  fact  that  the  controller  is  all  wired  up,  and  some  of  the  wiring 
is  not  accessible.  Moreover,  the  controller  is  usually  intended  for  a 
specific  duty  only,  and  cannot  very  well  be  used  for  various  purposes. 

It  is  therefore  advisable  to  have  in  the  laboratory  an  experimental 
controller,  especially  adapted  for  exercises  in  wiring.  No  permanent 
connections  should  be  made  between  the  strips  on  the  drum,  but  each 
strip  should  be  provided  with  one  or  more  binding  posts  so  that  the 
student  may  establish  any  desired  connections  himself.     Some  of  the 
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Fig.  495.    Reversible  machine-tool  controller  for  three- wire  service. 

strips  must  be  long,  others  short,  and  arranged  stepwise,  for  gradually 
cutting  in  or  out  of  resistances.  Such  a  controller,  if  properly  designed, 
is  very  useful  for  a  study  of  the  operations  explained  in  §  670. 

The  controller  should  be  mounted  horizontally  in  order  to  be  more 
accessible,  and  should  have  no  cover,  save  that  there  must  be  a  board 
on  which  the  fingers  are  mounted.  It  is  not  advisable  to  have  a  blow- 
out coil  in  connection  with  it,  in  order  to  keep  the  device  as  simple  as 
possible.  The  student  should  be  given  an  opportunity  to  study  the 
action  of  a  magnetic  blow-out  on  a  separate  electromagnet. 

673.  EXPERIMENT  30-E.  —  Wiring  a  Machine-Tool  Con- 
troller. —  The  purpose  of  the  experiment  is  to  illustrate  the  connections 
shown  in  Figs.  490  to  495.     A  special  experimental  controller  should 
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be  used,  described  in  §  672,  and  the  student  is  supposed  to  wire  up  the 
controller  so  as  to  suit  certain  given  requirements.  The  experiment 
may  be  performed  in  the  following  order: 

(1)  Connect  up  the  controller  for  starting  a  shunt  motor  in  one 
direction  only,  without  field  control; 

(2)  Add  the  necessary  connections  for  regulating  the  field; 

(3)  Supplement  the  scheme  by  connections  for  reversing  the  motor; 

(4)  Wire  up  the  controller  complete  for  running  forward  and  reverse, 
on  three- wire  system. 

A  shunt-wound  motor  should  be  provided,  and  operated  in  connec- 
tion with  the  controller:  this  is  the  best  check  on  the  connections. 
Have  an  ammeter  in  the  armature  circuit,  and  one  in  the  field  circuit ; 
also  a  voltmeter  across  the  armature  terminals.  Measure  the  speed  of 
the  motor  with  various  positions  of  the  controller  handle. 

At  the  end  of  the  experiment  remove  all  the  connections  in  the  con- 
troller, so  that  the  next  students  to  use  the  controller  may  have  the 
benefit  of  designing  their  own  connections. 

Observe  separately  the  action  of  a  blow-out  coil,  in  a  circuit  formed 
with  considerable  inductance,  by  interrupting  the  circuit  at  a  suitable 
place.  At  first  use  a  separately  excited  electromagnet,  or  a  perma- 
nent magnet,  and  observe  its  action  on  the  arc:  Reverse  the  direction 
of  the  main  current,  also  the  polarity  of  the  magnet,  and  in  each  case 
notice  the  effect.  Then  take  a  regular  blow-out  coil,  connected  in 
series  with  the  main  circuit,  and  investigate  its  action.  In  perform- 
ing the  experiment  with  the  blow-out  coil  the  student  must  be  careful 
to  have  the  wires  well  insulated.  The  e.m.f.  of  self-induction,  when 
the  circuit  is  opened,  may  reach  several  hundred  volts  and  give  one  an 
unpleasant  shock. 

Report.  Give  the  actual  connections  used  and  numerical  data  on  the 
performance  of  the  motor.  Describe  the  experiment  with  the  blow-out 
coil. 

3.  ELEVATOR  CONTROLLERS. 

674.  The  essential  parts  of  an  electric  elevator  are  shown  in  Fig.  496. 
The  driving  engine  may  be  placed  either  in  the  basement  or  overhead. 
It  consists  of  a  hoisting-drum  driven  by  an  electric  motor,  usually 
through  a  worm-gearing  (except  in  very  high-speed  elevators).  The 
car,  the  counter- weights  and  the  ropes  are  clearly  shown  in  the  sketch, 
as  well  as  a  centrifugal  safety  device  mounted  on  the  top  beam.  The 
movements  of  the  car  are  controlled  by  the  handle  in  the  car  itself: 
The  handle  operates  the  stationary  controller  shown  behind  the  motor. 
The  controller  makes  the  necessary  connections  between  the  motor,  the 
line  and  the  resistances. 
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Fig.  496.     Otis  electric  elevator. 
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The  motor  is  provided  with  a  powerful  mechanical  brake,  shown 
between  the  motor  and  the  gear-case.  The  brake  is  automatically 
applied  when  the  motor  circuit  is  opened:  When  the  power  is  "on" 
the  brake  is  released  by  a  solenoid  connected  in  series  with  the  main 
circuit.  An  additional  braking  effect  is  obtained  by  short-circuiting  the 
motor  on  resistances  which  make  it  act  as  a  generator.  In  large  ele- 
vators an  additional  mechanical  brake  is  provided  for  emergency 
purposes.     The  safety  devices  consist  of: 

(1)  Stop-motion  switch. 

(2)  Slack-cable  switch. 

(3)  Two  hatchway  limit-switches. 

The  stop-motion  switch  is  shown  in  front  of  the  gear-case,  mounted  on 
the  drum  shaft;  it  automatically  cuts  off  the  circuit  at  the  limits  of 
travel,  should  the  operator  neglect  to  do  so.  The  slack-cable  switch  is 
an  emergency  device  intended  to  operate,  should  the  car  become 
jammed  in  the  hatchway  while  descending.  As  soon  as  the  drum  has 
slacked  off  the  cable,  the  switch  is  opened  stopping  the  motor.  The 
hatchway  limit-switches  open  the  main  circuit  should  the  car  for  any 
reason  over-run,  either  at  the  top  or  bottom.  These  switches  operate 
only  in  case  the  "stop-motion  "  switch  on  the  drum  should  fail  to  stop 
the  car,  thus  constituting  an  additional  emergency  device. 

The  controller  operating  the  motor  is  actuated  from  the  car  either 
mechanically  by  ropes,  as  shown  in  Fig.  497,  or  electrically,  as  in  Figs. 
496  and  498.  The  electric  control  may  be  either  non-automatic  (handle 
control)  or  automatic  (push-button  control). 

Mechanical  control  is  used  only  with  low-speed  (usually  freight)  ele- 
vators. High-speed  passenger  elevators  are  provided  almost  exclusively 
with  non-automatic  electric  control.  Push-button  control  is  used  in  resi- 
dence elevators,  where  no  regular  operator  is  kept ,  and  the  machine  is 
operated  by  the  passengers  themselves;  also  in  so-called  "  dumb-waiters," 
or  small  elevators  for  carrying  goods  between  floors,  when  no  operator 
rides  with  the  car. 

We  shall  now  describe  these  three  types  of  elevator  control  more  in 
detail. 

675.  Mechanically  Operated  Controllers.  —  A  representative  ele- 
vator controller  of  this  type  is  shown  in  Fig.  497.  It  consists  of  a 
motor  starter  shown  to  the  left,  and  of  a  combination  reversing  switch 
mounted  to  the  right.  The  motor  is  heavily  compounded,  as  usual 
with  elevators,  in  order  to  obtain  a  powerful  starting  torque;  at  the  same 
time,  the  shunt  winding  keeps  the  speed  within  reasonable  limits. 
The  starter  is  operated  by  the  motor  itself,  through  a  worm-gear 
and  a  magnetic  clutch,  visible  on  top  of  the  sketch.     The  reversing 
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switch  is  operated  by  a  rope  from  the  car;  it  has  three  positions:  "off," 
"up,"  and  "down." 

Assuming  the  car  to  be  at  rest,  when  the  operator  pulls  on  the  rope 
in  a  certain  direction,  first  the  reversing  blades  of  the  switch  connect 
the  motor  armature  so  as  to  run  in  the  proper  direction,  then  the  line 
contact  to  the  left  is  closed  through  the  segmental  ring,  and  finally  the 

Pulley  riilven  from 
Elevator  Motor 


Magnetic  Clinch 

8hort-drculiln« 

Blade     -"—j 

Retaining  Magnet 

ealst&nce  Cmi  E*ct* 
Storting  Arm 


Bio*  out 


--Reversing  Switch 


Sprocket  operated  by 
Rope  from  Oar 


Series  Field'' 

* - -1 sSIjnriL  FlcM 

AlglrttfWK 

Fio.  497.    Mechanically  operated  elevator  controller  (The  Automatic  Switch  Co.). 

other  side  of  the  line  is  closed  by  the  carbon  contact  between  the  poles 
of  the  blow-out.     The  motor  starts  with  all  the  resistance  "in." 

At  the  same  time  the  contact  ring  on  the  shaft  of  the  switch  closes 
the  circuit  of  the  magnetic  clutch,  and  energizes  it.  The  horizontal 
shaft,  shown  on  top  of  the  controller,  is  belted  to  the  motor,  and  begins 
to  rotate  as  soon  as  the  motor  starts.  When  the  clutch  is  energized,  the 
shaft  is  mechanically  connected  with  the  starting-arm,  which  begins  to 
move  upward,  gradually  cutting  out  the  starting  resistance. 
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When  the  starting-arm  touches  the  contact  marked  "Short-circuit- 
ing blade,"  it  bridges  the  clutch  and  deenergizes  it.  The  arm  is  held  in 
the  upper  position  by  the  retaining  magnet,  as  in  ordinary  startere, 
guch  as  in  Fig.  482.  The  clutch  is  deenergized  so  as  to  prevent  wear 
due  to  friction:  one  part  of  it  continues  to  revolve  as  long  as  the  motor 
is  running.  Opening  the  main  switch  deenergizes  the  retaining  magnet, 
and  the  starter-arm  drops  by  gravity. 

The  sprocket  wheel  operating  the  main  switch  is  also  connected  to  the 
automatic  limit  device  on  the  winding-machine.  In  this  way" it  is  not 
only  actuated  by  the  operator  to  start  and  to  stop,  but  is  also  auto- 
matically opened,  as  soon  as  the  car  approaches  the  limit  of  travel  in 
either  direction. 

The  actual  electrical  connections  on  the  back"  of  the  face  plate  may 
be  easily  understood  from  the  above  description  of  the  parts  and  the 
functions  of  the  controller. 

676.  EXPERIMENT  30-F.  —  Study  of  Mechanically  Operated 
Elevator  Controllers.  —  In  performing  this  experiment  it  is  advisable 
to  have  the  controller  and  the  hoisting-engine  disconnected  from  the 
elevator  car,  so  as  to  operate  them  separately.  This  is  safer  for  the 
beginner,  and  also  more  profitable,  since  combinations  may  be  tried, 
impossible  when  the  car  is  in  motion.  An  elevator  car  can  be  entrusted 
only  to  a  mature  and  experienced  student.  The  necessary  load  on  the 
hoisting-engine  is  obtained  by  putting  a  Prony  brake  on  the  drum,  or 
on  a  pulley  mounted  by  its  side.  Perform  the  experiment  in  the  fol- 
lowing order: 

(1)  Wire  up  the  controller  and  the  motor,  as  per  blueprint,  which 
usually  accompanies  the  controller;  also  study  the  permanent  con- 
nections. 

(2)  Put  current  through  some  of  the  controller  circuits,  without 
allowing  the  motor  to  revolve:  make  sure  that  the  clutches,  the  brake, 
the  retaining-coil,  etc.,  operate  properly. 

(3)  Start  the  motor,  and  adjust  the  regulation  so  as  to  obtain  the 
lowest  possible  speed. 

(4)  Observe  the  operation  of  the  "limits  "  and  of  the  safety  devices 
in  the  elevator  shaft,  and  on  the  machine  itself. 

(5)  Take  a  few  readings  with  the  motor  running  at  different  loads, 
and  also  when  starting  and  stopping.  Read  current,  speed,  e.m.f. 
across  the  brushes,  seconds  time  necessary  for  the  operation  of  controller 
parts,  action  of  the  brake,  etc. 

677.  Non-Automatic  Electric  Control.  —  Controllers,  operated 
electrically  by  a  master  switch  in  the  car,  are  shown  in  Figs.  496  and 
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498.  Such  controllers  consist  of  individual  electromagnets,  which, 
being  energized,  close  the  line  and  the  motor  circuits  in  the  required 
order.  The  functions  of  the  different  parts  of  the  controller  shown  in 
Fig.  498  are  as  follows: 


Fig.  498.     Electrically  operated  elevator  controller. 


Upper  row:  The  two  solenoids  to  the  left  close  and  open  the  main 
line-circuit  and  connect  the  armature  of  the  motor  for  the  "up"  or 
"down  "  motion  of  the  car.  The  solenoid  to  the  right  is  open  with  the 
low  speed  of  the  car,  and  is  energized  when  the  car  switch  is  moved  in  the 
position  corresponding  to  the  high  speed. 

Middle  row:  The  right-hand  magnet  with  five  contacts  is  the  accel- 
erating switch,  which  automatically  short-circuits  the  starting  resist- 
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ance  in  steps:  The  magnet  to  the  left,  with  three  armatures,  is  the 
so-called  "load  magnet."  It  automatically  brings  the  car  to  a  stop  at 
the  top  and  bottom  landings  at  the  same  point,  independent  of  the 
load  of  the  car. 

Lower  row:  The  switch  to  the  left  is  an  underload  circuit-breaker,  or. 
as  it  is  called  in  this  case,  a  potential  switch.  The  coil  which  holds  it 
closed  is  connected  across  the  main  line,  and  in  its  circuit  are  connected 
several  switches  which  act  as  safety  devices.  Should  trouble  develop, 
the  switch  flies  open  and  breaks  the  main  circuit.  The  small  magnet 
to  the  right  is  a  relay  switch,  which  establishes  contacts  for  the  load 
magnet  and  for  the  magnetic  brake  of  the  machine. 

The  motor  with  which  this  controller  is  intended  to  be  used  is  heavily 
compounded,  as  in  Fig.  497,  and  in  addition  has  an  "extra"  shunt- 
winding  which  is  operative  on  the  low  speed,  and  when  stopping  the 
car.  The  car  switch  has  two  positions  for  both  "up"  and  "down" 
directions:  One  contact  is  for  the  low  speed,  the  other  for  the  high 
speed  of  the  car.     The  operation  of  the  controller  is  as  follows: 

Consider  the  car  somewhere  in  the  middle  of  the  hatchway  and  the 
car  switch  in  its  zero  or  center  position.  No  coils  on  the  controller  are 
energized,  except  that  of  the  potential  switch:  this  switch  remains 
closed  all  the  time  as  long  as  the  elevator  is  in  regular  operation.  The 
first  movement  of  the  car  switch  energizes  either  the  "up"  or  the 
"down  "  coil  on  the  reversing-switch  in  the  upper  right  corner  of 
the  controller:  the  armature  of  the  motor  is  thereby  connected  to  the 
line,  in  the  desired  direction.  The  closing  of  the  armature  circuit  also 
excites  the  brake  coil  at  the  motor  and  releases  the  brake.  The  motor 
and  the  car  are  set  in  motion. 

Now  the  accelerating  magnet  (second  row,  to  the  right)  is  brought  into 
play:  Its  magnetizing  coil  is  connected  across  the  armature  terminals, 
and,  as  the  counter-e.m.f .  of  the  motor  increases,  the  several  arms  of  the 
magnet  are  operated  one  after  another,  short-circuiting  the  starting 
resistance.  Finally  the  series  field  is  also  short-circuited,  and  the 
motor  continues  to  run  with  the  shunt  winding  only.  The  magnet 
armatures  are  set  at  different  distances,  so  that  they  respond  in  suc- 
cession to  the  gradual  increase  of  the  potential  of  the  armature.  The 
second  movement  of  the  car  switch  energizes  the  slow-and-fast-speed 
magnet,  in  the  upper  right-hand  corner,  with  the  result  that  the  upper 
contacts  of  its  switch  short-circuit  some  resistance  in  series  with  the 
motor  armature,  while  the  lower  contacts  open  the  circuit  of  the  "extra" 
shunt  field.  The  field  of  the  motor  is  thereby  weakened,  while  the 
voltage  at  its  terminals  is  increased.  The  car  is  accelerated  to  its  full 
speed,  either  up  or  down. 


Chap.  30]  CONTROLLERS  AND  REGULATORS.  707 

The  first  movement  of  the  car-switch  handle  from  the  full  running 
position  towards  the  stop  or  center  position,  interrupts  the  circuit 
of  the  slow-and-fast-epeed  magnet,  and  the  "extra"  field  is  again 
inserted  in  the  circuit,  as  well  as  some  additional  resistance  in  series 
with  the  armature:  This  brings  the  motor  to  a  lower  speed.  The 
second  movement  of  the  car  switch,  which  brings  it  to  the  center, 
interrupts  the  reversing-switch  circuit,  thereby  interrupting  all  of  the 
controller  circuits,  with  the  exception  of  the  potential  switch.  This  . 
cycle  of  operations  may  be  performed  as  often  and  as  quickly  as 
necessary. 

The  potential  switch  is  equipped  with  an  auxiliary  contact,  to  which 
is  connected  one  side  of  the  brake  circuits;  this  allows  the  brake  solenoid 
to  become  deenergized  the  instant  the  potential  switch  is  opened. 
Thus,  when  the  safety  switch  in  the  car,  the  extreme  hatchway  limits, 
or  the  slack-cable  switch  are  opened,  deenergizing  and  opening  the 
potential  switch,  the  brake  has  its  current  instantly  cut  off,  and  be- 
comes operative.  At  the  same  time,  when  the  potential  switch  flies 
open,  it  connects  across  the  armature  terminals  of  the  motor  a  "stop 
resistance."  The  motor  acts  then  as  a  generator,  and  this  braking 
effect  aids  in  bringing  it  quickly  to  a  stop. 

The  "  load  "  magnet  in  the  middle  row,  with  three  armatures,  permits 
stopping  the  car  at  the  top  and  bottom  landings  at  exactly  the  same 
point,  independent  of  the  magnitude  of  the  load.  This  is  important, 
since  elevators  are  generally  installed  with  very  small  overhead  room, 
and  very  small  pit  room:  Care  should  be  taken  therefore  to  prevent  a 
possibility  of  running  into  the  overhead  work,  or  against  the  bottom. 
This  is  a  serious  problem  with  high-speed  elevators,  since  the  load  makes 
a  considerable  difference  in  the  speed  and  distance  in  which  the  car  can 
be  brought  to  rest.  The  above  load  magnet  solves  this  difficulty  in  the 
following  way: 

As  the  car  nears  the  top  or  bottom  landing,  it  opens  a  switch,  which 
introduces  some  resistance  in  series  wth  the  armature,  and  a  high  resist- 
ance in  parallel  to  the  armature.  The  motor  slows  down  and  varies  its 
speed  according  to  the  load,  because  of  the  resistance  in  series.  The 
heavier  the  load  or  the  armature  current,  the  larger  is  the  drop  in  the 
resistance,  consequently  the  lower  the  voltage  at  the  armature  termi- 
nals. After  this  load  variation  of  speed  has  had  time  to  establish 
itself,  a  second  circuit  is  closed  automatically  which  energizes  the  coil 
of  the  three-contact  "load  "  magnet.  According  to  the  load,  or  to  the 
potential  resulting  from  the  speed  of  the  motor,  more  or  less  of  the  load 
magnet  armatures  are  pulled  in,  short-circuiting  more  or  less  of  the 
resistance  in  parallel  to  the  motor  armature.    The  slow-down  effect 
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resulting  from  this  consequently  depends  upon  the  load:  The  heavier 
a  descending  load,  the  more  contacts  are  closed,  the  greater  is  the 
reduction  in  the  resistance  of  the  parallel  circuit,  and  the  greater  is 
the  reduction  in  speed.  By  taking  a  sufficient  number  of  contacts  on 
the  load  magnet,  any  desired  exactness  of  automatic  stop  for  different 
loads  can  be  attained. 

678.  EXPERIMENT  30-Q.  —  Study  of  Electrically  Operated 
Non-Automatic  Elevator  Controllers.  —  See  §  676  for  directions. 

679.  Automatic   Electric  Elevators  (Push-Button  Control).  - 

Automatic  control  of  elevators  is  used  in  places  in  which  a  limited  use 
of  the  elevator  does  not  warrant  keeping  a  special  attendant,  as,  for 
instance,  in  residences.  Automatic  control  is  also  used  in  the  so-called 
"dumb-waiters/'  or  small  elevators  intended  for  carrying  goods  between 
the  floors  of  a  store  or  a  factory.  A  bank  of  push  buttons  is  provided 
on  each  floor,  and  also  in  the  car,  if  it  is  intended  for  passenger  service. 
Each  bank  consists  of  as  many  buttons  as  there  are  floors;  an  extra 
"stop  "  or  emergency  button  is  also  provided. 

Thus,  if  a  person  on  the  second  floor  of  a  building  wishes  to  send 
something  to  the  fourth  floor  by  means  of  the  dumb-waiter,  when  the 
car  is  at  rest  on  the  first  floor,  he  presses  the  button  No.  2;  this  closes 
an  auxiliary  circuit  on  the  controller,  which  in  turn  starts  the  elevator 
motor.  The  car  is  brought  to  floor  No.  2  and  automatically  stopped 
there.  The  person  opens  the  hatchway  door,  loads  the  car,  closes  the 
door  again,  and  presses  button  No.  4.  This  sends  the  car  upward  to 
the  fourth  floor,  and  it  stops  there  automatically  opposite  the  hatchway 
door,  without  any  further  attention  on  the  part  of  the  person  who  has 
sent  it. 

The  controller  is,  in  its  principle,  similar  to  that  described  in  §  677: 
it  also  consists  of  unit  switches,  each  performing  a  specific  duty.  The 
switches  are  closed  by  solenoids,  operated  by  the  push-buttons.  When 
the  car  arrives  at  the  desired  point,  the  solenoid  circuit  is  automatically 
opened  by  the  "stop-motion  "  device,  which  is  connected  mechanically 
to  the  motor.  A  detailed  description  of  circuits  used  by  different 
companies  would  be  out  of  place  here;  each  controller  is  accompanied  by 
a  blueprint  of  its  connections  and  by  detailed  instructions  for  wiring 
and  operation.  The  understanding  of  these  diagrams  may  be  assisted 
by  keeping  the  following  points  in  mind: 

(1)  The  push-button  circuit  is  closed  through  all  the  hatchway 
doors  and  the  car  door  in  series,  so  that  the  car  cannot  be  started  unless 
all  the  doors  are  closed.  This  is  an  important  precaution  for  the  safety 
of  those  using  the  elevator. 
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(2)  A  "stop"  or  emergency  button  is  always  provided;   pra 
this  button  instantly  stops  the  car  in  whatever  position  it  hap^  _-o 
to  be.     After  this  its  destination  may  be  changed  by  pressing  the  corre- 
sponding push-button. 

(3)  After  having  pressed  a  button  it  is  not  necessary  to  hold  it  until 
the  car  ends  its  travel:  as  soon  as  the  corresponding  floor  solenoid  on  the 
controller  is  energized,  it  closes  not  only  the  main  circuit,  but  also  an 
auxiliary  contact,  which  keeps  the  solenoid  circuit  closed,  around  the 
push-button. 

(4)  The  push-buttons,  and  the  solenoids  which  they  operate,  are  so 
interconnected  that  when  one  of  them  is  in  operation  no  other  circuit 
can  be  closed,  until  the  car  has  finished  its  travel. 

(5)  If  two  push-buttons  are  pressed  at  once  neither  solenoid  operates. 
This  can  be  accomplished,  for  instance,  by  having  a  resistance  in  series 
with  the  push-button  circuit:  when  two  push-buttons  are  pressed  down 
the  voltage  drop  in  this  resistance  becomes  so  large,  that  the  current  is 
no  longer  sufficient  for  operating  the  solenoids. 

The  most  important  features  of  the  power  circuit  are  the  same  as 
with  non-automatic  controllers:  When  the  main  circuit  is  closed  the 
magnetic  brake  is  automatically  released.  The  motor  starts  as  a  com- 
pound-wound machine;  when  a  certain  speed  is  reached,  an  accelerat- 
ing magnet  gradually  short-circuits  the  starting  resistance,  and  finally 
the  series  winding.  When  the  main  circuit  is  opened,  the  brake  is 
automatically  set. 

680.  EXPERIMENT  30-H.  —  Study  of  Push-Button  Operated 
Elevator  Controllers.  —  For  directions  see  §  676. 
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CHAPTER  XXXI. 

ELECTRIC  RAILWAY  WORK. 

68 1 .  Experiments  and  devices  described  in  this  chapter  are  intended 
to  illustrate  certain  features  peculiar  to  the  operation  of  electric  rail- 
ways. At  the  same  time  it  is  believed  that  the  principles  involved 
are  of  sufficient  interest  to  warrant  the  experiments  being  performed 
by  the  general  student  of  electrical  engineering.  The  subject  matter 
is  treated  under  four  headings: 

(1)  Drum-Type  Electric-Car  Controller; 

(2)  Multiple-Unit  Control  of  Trains; 

(3)  Acceleration  and  Retardation  Tests  on  Cars; 

(4)  Air-Brakes. 

1.    DRUM-TYPE    ELECTRIC-CAR    CONTROLLER, 

682.  The  street-car  controller  (Fig.  499)  accomplishes  electrical 
connections  necessary  for  starting  the  car,  stopping  it,  and  varying  its 
speed.  All  these  operations  are  performed  by  the  motorman,  by 
simply  turning  the  handle  through  a  certain  number  of  positions,  or 
"  notches."  The  use  of  the  controller  is  made  as  simple  as  possible. 
so  that  the  motorman  may  devote  most  of  his  attention  to  the  road  and 
to  signals. 

The  principal  parts  of  the  controller  are  two  revolving  drums:  The 
large  drum  to  the  left  is  for  starting  and  speed  control;  the  small  one 
to  the  right,  for  reversing  the  motors;  each  drum  is  provided  with  an 
operating  handle.  The  drums  are  provided  with  copper  strips  which 
rub  against  stationary  contact  fingers.  The  fingers  are  connected  to 
the  motors,  resistances,  trolley,  ground  (car  truck),  etc.  In  different 
positions  of  the  drum,  various  fingers  are  connected  by  the  strips  on 
the  drum  in  different  combinations,  so  as  to  produce  the  desired 
control. 

The  other  parts  of  the  controller  shown  in  the  cut,  are:  a  blow-out 
coil  for  extinguishing  the  arc,  cut-out  switches  for  disconnecting  a 
disabled  motor,  an  insulating  frame  with  partitions,  and  the  cover. 

683.  Operating  Features  of  the  Controller.  —  The  electrical  con- 
nections in  a  controller  may  be  best  understood  from  the  functions 
which  it  is  obliged  to  perform.     Electric  cars  are  usually  equipped  with 
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two  or  four  series-wound  motors;  in  the  latter  case  the  two  motors  of 
each  truck  are  permanently  connected  in  parallel,  and  for  the  purposes 
of  "regulation  may  be  considered  as  one  motor.  In  starting  the  car,' 
the  armatures  of  the  motors,  their  fields,  and  some  additional  resistance 
are  all  connected  in  series,  in  order  to  limit  the  rush  of  current.  As  the 
car  acquires  speed,  the  starting  resistance  is  gradually  cut  out,  because 
the  counter-electromotive  force  of  the  motors  prevents  an  excessive 


Fig.  490.    Electric  car  controller. 

rush  of  the  current  from  the  line.  When  all  of  the  resistance  is  cut 
out,  the  two  motors  run  in  series  at  half  speed,  for,  if  the  line  voltage  is 
500  volts,  each  motor  has  only  250  volts  at  its  terminals  (Fig.  500). 
To  increase  the  speed,  the  motors  must  be  connected  in  parallel,  so 
that  each  has  500  volts  pressure  at  its  terminals.  Before  this  is  done, 
some  starting  resistance  is  again  inserted  into  the  circuit,  to  avoid  a 
sudden  jerk  and  a  rush  of  current  in  changing  from  half  speed  to  full 
speed.  Then,  as  the  car  goes  faster  and  faster,  this  resistance  is  again 
gradually  cut  out,  until  the  two  motors  are  connected  directly  across 
the  500-volt  line  in  parallel,  and  the  car  runs  at  full  speed  (Fig.  501). 
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In  stopping  the  car,  the  motorman  first  shuts  off  the  power  and  then 
applies  the  brakes.  Three  kinds  of  brakes  are  in  use  at  present:  hand 
'  brakes,  air  brakes,  and  magnetic  brakes.  Each  car  is  necessarily  pro- 
vided with  a  hand  brake,  either  for  regular  service  or  for  emergency. 
Cars  in  large  cities,  high-speed  suburban  and  inter-urban  cars,  cars 
running  on  roads  with  long  and  steep  grades,  etc.,  are  provided  in 
addition  with  air-brakes  (described  below,  beginning  §704).  In  a 
few  cities  electric,  or  so-called  magnetic,  brakes  are  used  (§  692). 


Fig.  500.     Motors  in  series. 

Thus,  the  controller  must  give  two  principal  combinations  of  the 
motors,  —  in  series  and  in  parallel.  For  each  of  these  combinations 
intermediate  positions  are  provided,  with  more  or  less  resistance  in 
the  circuit.  A  complete  diagram  of  connections  in  a  street-car  con- 
troller, with  all  details,  including  a  magnetic  brake,  is  shown  on  the 
folded  plate  below.  But,  before  attempting  to  follow  in  detail  this 
comparatively  complicated  system,  the  student  should  clearly  under- 
stand the  three  simple  diagrams  shown  in  Figs.  502,  503  and  508. 


I  I        Motor  No.2 


Bail 


Fig.  501.     Motors  in  parallel. 


The  complete  diagram  is  a  combination  of  these  three  schemes:  as  far 
as  possible,  the  same  letters  are  used  in  the  elementary  plans  and  in 
the  complete  diagram. 

684.  Connections  for  Starting.  —  In  describing  controller  con- 
nections it  is  customary  to  develop  the  drum  and  to  indicate  the 
positions  of  the  motorman's  handle  by  vertical  dotted  lines,  as  shown 
in  Fig.  502.  In  this  way  the  connections  for  any  position  of  the  con- 
troller may  be  easily  followed  out  on  paper.  The  connections  for 
starting  the  car,  with  the    motors  in   series,  are  shown  in  Fig.  502. 
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When  the  controller  handle  is  on  the  first  notch,  the  row  of  fingers 
T,  R2,  Ex  and  Aif  touch  the  drum  contacts  along  the  vertical  dotted 
line  1.    The  path  of  the  current  is  as  follows: 

The  current  from  the  trolley  flows  through  the  circuit-breaker  C.B. 
to  the  contact  finger  T  and  thence  through  the  strips  ax  and  a2  to  the 
finger  R2.  Since  the  fingers  R+,  R&  and  R&  do  not  touch  the  corre- 
sponding strips  a3,  a4  and  a5,  the  current  flows  through  the  whole  resist- 
ance R2Rq,  through  motor  No.  1  to  the  finger  E\.  Thence  through 
61  and  b2  to  motor  No.  2,  and  finally  to  the  ground  (?.* 


Fig.  602.     Controller  connections  with  motors  In  series. 


On  the  second  notch  the  current  finds  a  shorter  way  from  T  through 
the  strips  alf  a2,  and  az  to  the  contact  finger  #4,  so  that  part  of  the 
resistance  between  R2  and  ft4  is  cut  out;  in  other  respects  the  current 
follows  the  same  path  as  before.  On  the  third  notch  the  contact  R5 
becomes  operative;  finally,  on  the  fourth  notch  the  current  from  T 
follows  directly  through  a\,  a2,  03,  a4  and  a5  into  the  armature  of  the 
first  motor,  and  the  whole  resistance  RiRq  is  cut  out  of  the  circuit: 
this  gives  the  full  series  (half-speed)  connection. 

(*)  Only  one  wire  (trolley  wire)  is  used  in  electrical-railway  circuits,  the  current 
returning  to  the  generating  station  (or  substation)  through  the  rails;  the  ground  on 
the  car  is  obtained  by  connecting  the  wire  G  to  the  truck.  The  current  flows  through 
the  truck,  axles,  and  wheels,  to  the  rails;  one  of  the  bus-bars  in  the  station  is  also 
connected  to  the  rails. 
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Positions  1,  2  and  3  are  called  the  "resistance  points";  4  is  tU 
"running"  position.  The  motorman  is  not  allowed  to  ride  for  an) 
length  of  time  on  these  "resistance  points,"  but  must  use  them  foi 
starting  only.  The  starting  resistances,  used  on  cars,  are  not  lar# 
enough  to  be  permanently  connected  into  the  circuit;  they  would  get 
excessively  hot  and  burn  out  in  a  short  time. 

It  is  well  to  remember  that  a  diagonal  chain  of-  contacts  on  a  con< 
trailer  diagram,  such  as  a2,  a3,  a4,  a6,  usually  signifies  a  gradual  cutting 
in  or  out  of  resistances. 
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Fig.  603.    Change  from  series  to  parallel. 

685.  Change  from  Series  to  Parallel.  — To  change  from  half  speed 
to  full  speed  the  motor  connections  have  to  be  changed  from  series  to 
parallel,  and  some  resistance  temporarily  introduced  into  the  circuit. 
The  controller  fingers  and  strips  that  are  operative  in  this  change  are 
shown  in  Fig.  503.  With  the  motors  in  series,  the  current  from  the 
trolley  finger  T  flows  through  cx  and  c2  into  the  first  motor;  then 
through  e2  and  «i  to  the  second  motor,  and  to  the  ground.  On  the 
first  "parallel "  notch  the  current  from  T,  through  cx  and  c3f  flows  to 
the  resistance  RaR*,  and  then  is  divided  into  two  halves:  One  half 
follows  the  path  —  motor  No.  1,  2?i,  /i,  /2,  (?,  to  the  ground;  the  other 
half  —  finger  A\,  d\,  d2,  A2,  motor  No.  2,  to  the  ground.  On  the  next 
notches  (not  shown)  the  resistance  is  gradually  cut  out,  until  the 
motors  are  in  "full  parallel." 
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This  change  involves  breaking  the  circuit;  as  the  connections  are 
changed  hundreds  of  times  during  the  day,  the  resulting  sparks  would 
quickly  deteriorate  the  fingers.  Therefore,  intermediate  points  are 
provided  for  changing  from  series  to  parallel,  without  opening  the  cir- 
cuit. The  principle  is  shown  in  Fig.  504:  The  upper  line  (a)  represents 
the  connections  on  the  last  notch,  with  the  motors  in  series  and  the 
resistance  short-circuited;  the  last  line    (e)  corresponds  to  the  first 


Motor  No.1 


M-mm 


Motor  No.2 


W-Cffl] 


« 


o-^nhi 


(iO-RftE 


M-HTTT 


Fig.  504.    Change  from  series  to  parallel  without  opening  the  circuit. 

parallel  position,  same  as  in  Fig.  503.  The  intermediate  connections 
are  shown  on  the  three  sketches  (6),  (c)  and  (d)  between  these: 
First,  some  resistance  is  introduced  into  the  circuit;  then  motor  No. 
2  is  short-circuited  (or,  which  amounts  to  the  same,  motor  No.  1  is 
grounded  around  it).  After  this,  the  circuit  of  the  second  motor  is 
opened,  and  the  connections  changed  from  series  to  parallel.  These 
changes  are  made  in  the  positions  6  to  8  of  the  controller  handle  (see 
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Fig.  505.     "  Bridge  "  method  for  changing  from  series  to  parallel. 

folded  plate).    These  positions  are  called  transition  points,  and  the 
motorman  should  pass  them  without  stopping. 

686.  Bridge  Connections.  —  The  above  method  of  changing  from 
series  to  parallel  has  a  disadvantage  that  the  current,  and  consequently 
the  torque  of  the  motors,  change  suddenly,  producing  an  unpleasant 
jerk  during  acceleration.  This  is  obviated  in  the  so-called  bridge 
connection  recently  put  into  practice.  The  principle  of  the  bridge 
connection  is  shown  in  Fig.  505:   The  sketch  to  the  left  corresponds  to 
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the  last  notch,  with  the  motors  in  series;  the  sketch  to  the  right  gives 
the  connection  on  the  first  notch,  with  the  motors  in  parallel.  After 
all  the  resistances  have  been  short-circuited  and  the  motors  are  con- 
nected in  series  across  the  line,  two  equal  resistances,  R\  and  R2,  are 
connected  across  the  line.  The  value  of  the  resistances  is  such  that 
they  take  about  the  same  current  as  the  motors.  This  doubles  the 
current  taken  from  the  line,  but  does  not  affect  the  torque  of  the  motors, 
which  are  in  a  separate  circuit.  Now  the  bridge  connection  b  is  estab- 
lished between  the  motors  and  the  resistances:  No  current  flows 
through  this  bridge,  both  its  extremities  being  at  the  same  potential. 
With  this  bridge,  motor  No.  1  and  the  resistance  R2  may  be  considered 
as  one  circuit,  and  motor  No.  2  with  the  resistance  R\  as  another  cir- 
cuit. Separating  these  two  circuits  gives  the  diagram  shown  at  the 
right.  The  motors  are  now  connected  in  parallel,  with  some  protec- 
tive resistance  in  series  with  each.  The  change  is  accomplished 
without  breaking  the  circuit,  and  with  practically  no  change  in 
current  through  the  motors,  since  hardly  any  current  flows  at  first 
through  the  bridge  b. 

Bridge  connection  is  used  on  large  cars,  especially  those  provided 
with  multiple-unit  control  (see  §  695) :  with  this  arrangement,  no  jerk 
is  felt  during  the  change  from  series  to  parallel,  and  starting  is  accom- 
plished smoothly,  even  with  high  rates  of  acceleration. 

687.  Other  Features  of  the  Drum  Controller.  —  The  connections 
described  above  are  incorporated  in  the  complete  diagram  of  the  con- 
troller shown  on  the  folded  plate.  A  glance  at  this  diagram  will  show, 
however,  that  the  connections  are  more  complicated  than  a  mere  com- 
bination of  the  series-parallel  control.  The  complications  are  caused 
by  the  addition  of  the  following  parts: 

(1)  A  reversing  drum  for  backing  the  car. 

(2)  Cut-out  switches  for  disconnecting  a  disabled  motor. 

(3)  Blow-out  magnet  for  extinguishing  electric  arcs. 

(4)  Contact  points  for  shunting  motor  fields,  to  obtain  a  higher 
speed. 

(5)  Contact  points  for  magnetic  brake. 

In  addition  to  these,  the  requirements  of  construction  and  insulation 
necessitate  a  somewhat  different  disposition  of  the  controller  fingers 
and  of  the  drum  strips,  than  that  described  above.  However,  keeping 
in  mind  the  above  two  fundamental  schemes  (Figs.  502  to  504),  the 
following  up  of  the  actual  connections  will  hardly  offer  serious  diffi- 
culties. 

The  five  above-enumerated  features  are  taken  up  below,  more  in 
detail. 
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688.  Reversing  the  Motors.  —  The  motors  are  reversed  by  inter- 
changing the  armature  leads;  a  separate  drum  shown  to  the  right,  in 
Fig.  499,  is  provided  for  this  purpose.  The  development  of  this  drum 
is  shown  in  the  upper  part  of  the  large  diagram  (folded  plate),  to  the 
right  of  the  development  of  the  main  drum.  The  reverser  is,  in  princi- 
ple, an  ordinary  double-throw  switch.  The  leads  At  and  AAX  come 
from  the  terminals  of  the  armature  of  motor  No.  1;  terminal  12  is  con- 
nected to  one  end  of  its  field  winding,  terminal  20  to  the  resistances. 
In  the  "forward"  position  of  the  reversing  drum,  terminal  12,  or  the 
field  of  motor  No.  1,  is  connected  to  A  Av  while  terminal  At  is  connected 
to  terminal  20,  or  to  the  resistances.  In  the  "reverse  "  position  of  the 
drum,  terminal  12,  or  the  field  of  the  motor,  is  connected  to  Av  while 
AAX  is  connected  to  20,  or  to  the  resistances.  The  connections  are 
identical  in  the  two  cases,  except  that  the  armature  leads  are  inter- 
changed. Similar  connections  are  provided  for  the  other  motor,  by 
means  of  the  fingers  11,  A  A2,  A2,  17  (see  also  Fig.  492). 

A  reversing  drum  is  not  supposed  to  be  operated  with  the  power 
"  on  ";  for  this  reason  no  blow-out  coil  is  provided.  The  two  con- 
troller handles  (Fig.  499)  are  so  interlocked  mechanically,  that  the 
reverser  can  be  operated  only  when  the  regulating  handle  (the  left- 
hand  handle)  is  in  its  "  off "  position.  Thus  the  motorman  is  forced 
to  first  open  the  circuit  by  means  of  the  regulating  handle,  before  he 
can  reverse  the  motors.  Moreover,  the  interlocking  is  such,  that  the 
regulating  handle  cannot  be  moved  when  the  reverser  is  in  its  middle 
or  "off  "  position.  It  is  easy  to  see  that  without  this  feature,  the 
interlocking  would  not  be  complete. 

A  third  feature  of  interlocking  is  that  the  reversing  handle  cannot 
be  removed,  except  in  the  "off  "  position.  When  the  motorman  leaves 
the  car,  he  is  supposed  to  take  this  handle  with  him.  To  do  so,  he  has 
first  to  bring  his  regulating  handle  to  the  "off"  position;  only  then 
can  he  turn  the  reverser  drum  into  the  neutral  position  and  remove 
the  handle.  All  the  circuits  are  thus  broken,  and  no  one  can  start 
the  car,  except  by  having  an  identical  handle. 

689.  Cut-Out  Switches.  —  Switches  for  disconnecting  a  disabled 
motor  are  shown  at  the  bottom  of  Fig.  499;  in  the  folded  plate  they 
are  shown  below  the  reversing  drum.  It  will  be  seen  from  the  diagram 
of  connections  that  if  motor  No.  1  is  disabled  and  the  motorman  opens 
the  corresponding  switch,  a  by-pass  is  offered  to  the  current  through 
the  auxiliary  contact  marked  "3  and  R6  "  to  motor  No.  2,  while  the 
field,  the  armature  and  th3  shunt  circuits  of  the  disabled  motor  are 
opened.  If  motor  No.  2  is  disabled  and  its  switch  opened,  a  by-pass 
to  the  ground  for  the  other  motor  is  offered  by  the  auxiliary  contact 
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G,  behind  the  switch,  while  the  field  and  the  armature  circuits  of  the 
disabled  motor  are  opened. 

690.  Blow-Out  Coil.  — The  blow-out  coil  is  shown  in  Fig.  499 
below  the  reversing  drum.  It  is  intended  for  blowing  out  the  electric 
arc  between  the  controller  fingers  and  the  drum  strips,  every  time  the 
circuit  is  broken.  Its  application  is  based  on  the  fundamental  fact 
(Fig.  506)  that  an  electric  current,  being  placed  in  a  magnetic  field, 
tends  to  move  across  the  field;  in  other  words,  so  as  to  cut  the  lines  of 
force.    The  pole-pieces  MM  are  placed  so  that  the  lines  of  force  are 


Fig.    506.    The  action  of  a  magnetic  blow-out. 

perpendicular  to  the  direction  of  the  arc  between  A  and  B,  and  tend 
to  move  the  arc  outside,  increasing  its  length  and  finally  rupturing  it. 
The  blow-out  coil  is  one  of  the  most  essential  parts  of  the  controller: 
it  must  be  remembered  that  the  circuits  of  a  street  car  are  broken  thou- 
sands of  times  a  day,  and  without  a  blow-out  arrangement  the  sparks 
would  deteriorate  the  contacts  in  a  very  short  time. 

The  coil  of  the  blow-out  magnet  is  usually  energized  in  series  with 
the  line,  so  that  its  action  is  stronger  the  heavier  the  current  to  be 
ruptured.  In  the  folded  plate,  the  blow-out  magnet  is  shown  in  the 
lower  left-hand  corner.  It  will  be  noted,  that  in  this  case  the  coil 
consists  of  two  sections,  one  operative  when  the  power  is  "on,"  the 
other  when  the  magnetic  brakes  are  applied. 
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691.  Shunting  Fields.  —  The  speed  of  direct-current  motors  may 
be  increased  by  weakening  their  fields  (§  329) ;  in  series  motors  this  is 
done  by  shunting  the  fields  by  certain  resistances.  This  method  had 
been  used  in  the  earlier  days  of  electric  traction,  but  has  been  abandoned 
of  late  years  on  account  of  sparking  at  the  commutator,  due  to 
weakened  field.  However,  with  the  advent  of  the  compensated  motor 
(§  340),  in  which  the  armature  reaction  is  greatly  reduced,  shunting 
of  fields  seems  to  gain  in  favor  again. 

Two  positions  with  fields  shunted,  are  provided  in  the  controller, 
shown  on  the  folded  page:  Position  No.  5  is  that  with  the  motors  in 
series,  position  No.  12  with  the  motors  in  parallel.  The  shunting 
resistances  are  permanently  connected  to  the  motor  fields  on  one  side, 
while  the  other  ends  of  the  resistances  are  connected  to  the  controller 
fingers  Lt  and  L2.  In  the  positions  Nos.  5  and  12  these  fingers  become 
operative,  closing  the  shunts  and  thereby  weakening  the  fields  of  the 
motors. 

Brake  No.l  Brake  No.2 
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Fig.  607.    Connections  with  magnetic  brakes  "  on.11 

692.  Magnetic  Brakes.  —  The  principle  of  magnetic  braking  is  sub- 
stantially as  follows  (Fig.  507) :  The  motors  are  disconnected  from  the 
trolley  line,  and  their  fields  and  armatures  are  connected  in  such  a  way 
that  they  act  as  generators,  utilizing  the  acquired  momentum  of  the  car 
for  supplying  the  energy  necessary  for  producing  current.  The  car  is 
provided  with  brake  shoes  made  in  the  form  of  electromagnets,  which 
are  placed  either  near  the  rails  or  near  iron  disks  mounted  on  the  axles. 
When  the  current,  generated  by  the  motors,  is  sent  through  these  elec- 
tromagnets, they  become  energized  and  press  themselves  against  the 
rails,  or  the  disks  on  the  axles,  producing  a  powerful  braking  effect.  The 
intensity  of  braking  is  regulated  by  the  amount  of  resistance  in  the  circuit. 

Formerly  a  method  of  electric  braking  was  used,  which  consisted  in 
closing  the  motors,  acting  as  generators,  on  resistances,  in  which  the 
stored  energy  was  dissipated  in  the  form  of  heat.  This  method  of 
braking  has  been  abandoned,  because  it  is  liable  to  overload  the  motors: 
they  have  no  time  to  get  cooled  off,  even  while  the  car  is  coasting  down 
a  long  grade. 
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Controller  connections  for  magnetic  braking  are  shown  in  Fig.  508: 
The  two  motors  are  connected  in  parallel  by  the  strips  i\  and  i2  on  one 
side,  and  by  h2  and  h3  on  the  other;  the  current  generated  in  both  motors 
flows  through  Ai  and  the  resistances  R  to  the  strip  g\  and  thence  through 
the  contact-finger  B  to  the  brakes;  the  circuit  is  completed  through 
the  ground  G.  The  three  positions  shown  in  the  sketch  differ  only 
in  the  amount  of  the  resistance  R  in  the  circuit.  Brake  connections 
on  the  large  diagram  will  be  understood  from  this  simple  scheme. 

There  are  two  more  points  to  be  noted: 
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Fio.  508.     Controller  connections  for  magnetic  brakes. 


(1)  The  brakes  must  be  demagnetized  before  power  is  put  on,  because 
of  residual  magnetism  which  keeps  them  attracted,  even  after  the 
current  has  been  shut  off;  therefore,  additional  contacts  B  and  DR 
("  brakes  "  and  "  demagnetizing  resistance  ")  are  provided  on  the 
first  power  notch.  By  means  of  these  contacts,  a  small  current  is  sent 
through  the  brakes  in  the  direction  opposite  to  that  in  which  they  are 
usually  magnetized.  This  destroys  the  residual  magnetism,  and  the 
brakes  are  released.  The  corresponding  scheme  of  connections  is 
shown  separately  in  the  lower  right-hand  corner  of  the  sheet. 

(2)  A  current-limiting  electromagnet  is  connected  into  the  brake 
circuit,  as  shown  in  the  lower  left-hand  corner  of  the  diagram.  When 
the  braking  current  rises  beyond  a  certain  limit  this  electromagnet 
closes  the  limit  switch  which  short-circuits  the  fields  of  the  motors: 
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this  reduces  the  main  current,  and  the  electromagnet  again  releases 
the  switch.  No  circuit-breaker  or  fuse  could  be  used  for  this  purpose, 
because  the  device  must  be  self -restoring. 

693.  Acceleration  Limit.  —  In  order  to  prevent  the  motorman 
from  moving  the  controller  handle  too  fast  at  the  start,  special  devices 
are  sometimes  used,  which  limit  this  speed  to  a  certain  predetermined 
value.  A  simple  apparatus  of  this  kind,  the  so-called  "  Automotoneer," 
is  based  on  the  pawl-and-ratchet  principle;  every  time,  after  the  motor- 
man  has  moved  the  handle  by  one  notch,  he  has  to  give  it  a  slight 
backward  movement  in  order  to  release  the  "dog."  This  makes  it 
impossible  to  move  the  handle  above  a  reasonable  speed. 

In  another  device,  the  handle  is  connected  to  the  controller  drum 
through  a  heavy  spiral  spring.  By  moving  the  handle  the  motorman 
winds  up  the  spring,  but  the  motion  of  the  drum  is  retarded  by  a 
dash-pot,  which  may  be  set  to  operate  at  any  predetermined  speed. 
The  motorman  may  thus  throw  his  handle  at  once  around  to  the 
last  parallel  position  without  effecting  the  speed  at  which  the  drum 
follows  it. 

A  third  method  is  to  regulate  the  speed  of  the  controller  drum  by 
a  current  relay.  The  drum  is  governed  by  a  magnetic  clutch  operated 
by  a  relay,  having  its  coil  connected  into  the  main  circuit.  The  clutch 
holds  the  drum  until  the  current  has  fallen  to  a  predetermined  value, 
after  which  the  drum  is  allowed  to  go  to  the  next  notch. 

It  is  claimed  that  considerable  economy  in  power  consumption,  and 
a  better  schedule,  are  obtained  by  using  the  above-described  devices, 
since  they  limit  the  rush  of  current  at  the  start  and  permit  of  a  more 
uniform  acceleration. 

694.  EXPERIMENT  31-A.  —Operating  an  Electric-Car  Con- 
troller. —  The  laboratory  equipment  for  this  exercise  should  consist 
of  a  regular  drum-type  series-parallel  controller,  and  of  two  street-car 
motors  which  may  be  connected  to  it.  It  is  well  to  have  the  two  motors 
either  belted  or  direct-connected  to  each  other,  in  order  to  make  them 
run  at  the  same  speed. 

It  is  hardly  feasible  to  operate  this  equipment  on  a  500- volt  circuit, 
because  the  motors,  having  no  load,  would  run  away.  The  performance 
of  the  controller  is  studied  just  as  well  on  an  ordinary  110-volt  circuit,  at 
which  voltage  500-volt  motors  run  at  a  moderate  speed  even  at  no  load. 

The  student  is  expected  to  connect  up  the  controller  to  the  motors 
and  to  the  power  supply,  and  to  operate  it  as  if  it  were  on  an  actual 
car.  A  blueprint  of  connections  usually  accompanies  each  controller. 
The  connections  may  be  different  from  those  shown  on  the  folded  plate. 
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but  with  a  clear  understanding  of  the  above  diagram  and  of  the  prin- 
ciples explained  in  §§  682  to  693,  the  student  will  find  no  difficulty  in 
understanding  the  connections  in  any  street-car  controller. 

The  points,  to  which  particular  attention  should  be  paid  during  the 
operation,  are: 

(1)  Interlocking  of  handles. 

(2)  Disconnecting  a  disabled  motor. 

(3)  Operation  of  the  blow-out  coil. 

Report.  Give  the  actual  diagram  of  connections,  or  at  least  any 
parts  of  it  which  are  different  from  those  described  above.  Explain 
the  mechanical  details  of  the  interlocking  devices.  Describe  peculiari- 
ties, if  any,  observed  in  the  operation  of  the  controller  and  of  the  motors. 

2.    MULTIPLE-UNIT   CONTROL    OF   TRAINS. 

695.  As  long  as  electric  cars  were  operated  singly,  the  ordinary 
hand-operated  drum-type  controller,  described  above,  was  entirely 
satisfactory;  But  with  the  advent  of  electric  trains,  such  as  are 
operated  on  elevated,  underground,  and  some  inter-urban  roads,  new 
problems  of  car  control  presented  themselves.  The  first  electric  trains 
consisted  of  one  motor  car  and  several  trailers,  as  on  steam  roads,  but 
this  method  was  soon  found  objectionable.  Not  only  is  the  accelera- 
tion obtained  too  low  for  fast  service,  but  the  trailers  cannot  be 
operated  separately  during  the  hours  of  small  traffic,  thus  depriving 
the  electric  system  of  one  of  its  great  advantages,  —  flexibility. 

It  was  soon  perceived,  that  the  right  solution  was  to  have  trains  con- 
sisting of  several  motor-cars  operated  by  a  motorman  from  the  front 
car.  This  brought  up  the  question  of  controllers  b}'  which  all  cars  on 
the  same  train  could  be  operated  simultaneously,  or  each  car  be  used 
separately,  if  so  desired  (Fig.  509).  It  would  not  be  practicable  to 
carry  heavy  electric  currents  through  the  train  and  to  distribute  them 
to  different  motors;  each  car  must  collect  its  own  current  through  a 
trolley,  or  through  contact  shoes  from  the  third  rail.  Therefore,  each 
car  must  have  its  own  controller,  operated  by  some  electrical  or 
mechanical  means  by  the  motorman  on  the  front  car. 

Two  sources  of  power  are  available  for  such  control:  electric  power 
from  the  line,  and  compressed  air  stored  for  the  brakes.  The  first 
method  is  used  by  the  General  Electric  Co.,  the  second  method  by 
the  Westinghouse  Electric  and  Mfg.  Co.  This  system  of  control,  with 
which  each  car  is  a  separate  unit,  and  at  the  same  time  any  number 
of  cars  may  be  operated  in  multiple,  is  called  the  multiple-unit  control. 
The  controllers  themselves  do  not  need  to  be  in  the  form  of  a  drum, 
since  they  are  not  operated  by  hand.    They  usually  consist  of  separate 
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"  contactors"  or  "unit  switches"  (Fig.  509)  which  are  closed  and 
opened  either  by  electromagnets,  if  electric  control  is  used,  or  by  stems 
of  pistons,  in  the  pneumatic  control.  In  either  case,  auxiliary  wires 
are  provided,  running  through  the  train  and  controlled  by  the  mo  tor  man. 

In  the  system  used  by  the  General  Electric  Co.,  the  auxiliary  circuit 
is  supplied  from  the  line,  and  it  energizes  the  operating  solenoids  of  the 
contactors.  In  the  Westinghouse  electro-pneumatic  control,  the  valves 
which  admit  compressed  air  into  the  contactor  cylinders  are  operated 
electrically.  The  necessary  current  is  supplied  from  small  14-volt 
batteries,  through  the  auxiliary  wires  running  through  the  train. 

696.  Principles  of  Operation  of  a  Multiple-Unit  Controller.  — 
The  principle  of  operation  of  a  General  Electric  multiple-unit  controller 
may  be  gathered  from  Fig.  509.  There  are  two  distinct  circuits,  both 
fed  from  the  trolley:  the  power  circuit  is  shown  by  heavy  lines,  the 
control  circuit  is  shown  by  light  lines.  Two  motor  cars  of  a  train  are 
shown,  the  motorman  being  supposed  to  be  on  car  No.  1. 

To  simplify  the  explanation  of  the  principle  of  the  control,  each  car 
is  assumed  to  have  but  one  motor,  with  but  three  positions  of  control: 
(1)  Circuit  open,  (2)  circuit  closed  through  the  starting  resistance, 
and  (3)  the  motor  connected  directly  to  the  line.  When  the  contacts 
at  A  and  B  are  open,  the  motor  circuit  is  open;  closing  the  contactor 
A  sends  a  current  through  the  motor,  in  series  with  the  starting  resist- 
ance; when  the  contactor  B  is  closed,  the  resistance  is  short-circuited 
and  the  motor  connected  directly  to  the  line. 

The  contactors  A  and  B  on  all  the  cars  of  a  train  are  operated  from 
two  train  wires,  either  of  which  may  be  energized  from  the  master 
controller,  operated  by  the  motorman.  In  the  position  of  the  master 
controller,  shown  in  the  diagram,  all  the  circuits  are  open.  When 
the  controller  drum  is  moved  to  the  position  1,  the  upper  train  wire  is 
energized,  causing  the  operation  of  the  contactors  A  throughout  the 
train.  When  the  master  controller  is  moved  to  the  position  2,  the 
lower  train  wire  is  also  energized;  the  contactors  B  are  closed  on  all 
cars.  Returning  the  master  controller  to  its  zero  position  opens  all 
the  contactors.  With  this  arrangement,  a  train  consisting  of  any 
number  of  cars  may  be  operated  by  the  master  controller  of  any  car; 
at  the  same  time  each  car  may  be  operated  singly,  if  so  desired. 

Two  contactors  only,  on  each  car,  are  shown  in  Fig.  509;  in  reality 
the  connections  are  much  more  complicated,  because  about  15  con- 
tactors are  required  on  each  car  in  order  to  perform  all  the  necessary 
connections  for  starting  two  or  four  motors,  gradually  cutting  out 
resistances,  changing  from  series  to  parallel,  and  reversing.  It  would 
lead  to  needless  complications  to  give  here  a  complete  diagram  of 
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connections  for  a  multiple-unit  controller.  Moreover,  such  a  diagram 
would  be  of  little  practical  value,  since  the  connections  for  various 
types  greatly  vary  in  details,  so  that  a  blueprint  must  be  supplied 
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with  each  controller.  A  diagram  of  the  general  disposition  of  parts  in 
a  car  is  shown  in  Fig.  510  and  is  explained  in  the  next  article.  With 
a  clear  understanding  of  this  diagram  and  of  the  principle  illustrated 
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in  Fig.  509,  the  student  should  find  no  difficulty  in  tracing  out  the 
actual  connections  on  a  given  controller. 

In  the  Westinghouse  electro-pneumatic  controller  the  contactors, 
such  as  A  and  B  (Fig.  509),  are  actuated  by  compressed-air  cylinders. 
The  auxiliary,  or  the  control  circuit  may  be  supposed  to  be  fed  from 
a  small  storage  battery.  Energizing  one  or  the  other  of  the  train  wires 
admits  compressed  air  into  the  corresponding  contactor  cylinders, 
operating  the  pistons.    The  admission  values  are  electrically  controlled. 

697.  Disposition  of  Parts  of  a  Multiple-Unit  Controller  in  a 
Car.  —  The  general  arrangement  of  the  parts  of  an  electrically  operated 
controller  is  shown  in  Fig.  510.  The  power  circuit  is  again  shown  by 
heavy  lines,  the  control  circuit  by  light  lines;  several  wires  of  either 
circuit,  running  together,  are  combined  in  a  cable.  All  the  contactors 
of  the  car  are  placed  in  a  box,  which  is  connected  to  the  source  of 
power,  and  to  the  motors,  through  the  reversing  switch  (reverser). 
The  motor  rheostats  are  also  connected  to  the  corresponding  con- 
tactors. In  this  way  any  desired  connections  are  established  between 
the  trolley,  the  motors,  and  the  rheostats.  The  reverser,  which  is  also 
electrically  operated,  determines  the  direction  of  motion  of  the  car. 

The  auxiliary  circuit  comprises  (a)  the  train-control  cable,  running 
through  the  whole  train,  and  (b)  the  car-control  cable  through  which 
the  contactors  of  a  particular  car  are  energized.  When  the  master 
controller  on  the  front  car  is  set  in  a  certain  position,  definite  wires  of 
the  train-control  cable  are  energized,  and  they  energize,  through  the 
"  connection  boxes/'  the  corresponding  wires  of  the  car-control  cables 
on  all  the  cars.  The  latter  wires  operate  certain  contactors,  and  thus 
establish  the  required  connections  in  the  power  circuit. 

Each  car  is  provided  with  two  master  controllers,  as  it  may  be 
desired  to  operate  it  from  either  end.  A  cut-out  switch  and  fuses  are 
provided  on  each  car-control  cable,  in  order  to  be  able  to  disconnect 
a  disabled  equipment.  The  control  rheostat,  shown  in  the  diagram, 
contains  resistances  in  series  with  the  windings  of  the  contactor 
solenoids;  these  resistances  reduce  the  control  currents  to  the  required 
value. 

698.  Details  of  Operation.  —  The  most  noteworthy  feature  of  the 
multiple-unit  controller  is  automatic  acceleration.  The  motorman  may 
throw  his  handle  in  the  "full  parallel"  position,  corresponding  to  the 
maximum  speed,  from  the  very  start.:  with  an  ordinary  drum  controller 
this  would  either  open  the  circuit-breaker  or  produce  a  most  undesirable 
jerk  of  the  car.  But  the  unit  switches,  or  contactors,  are  electrically 
interlocked,  so  that  they  can  pick  up  in  a  certain  succession  only. 
Moreover,  as  soon  as  the  line  current  exceeds  a  certain  limit,  the  current- 
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limit  relay,  shown  in  Fig.  510,  prevents  any  further  change  or  connec- 
tions, at  the  same  time  holding  up  the  contactors  already  closed. 

The  master  controller  has  two  handles,  one  for  speed  control,  the 
other  for  reversing  the  motors;  in  this  respect  it  is  similar  to  the  hand- 
operated  controller,  shown  in  Fig.  499.  As  the  gradual  cutting  out  of 
resistances  is  done  automatically  by  the  contactors  themselves,  there 
are  but  four  positions  of  the  regulating  handle: 

(1)  Motors  in  series,  with  all  resistance  "in." 

(2)  Full  series. 

.  (3)    Motors  in  parallel,  with  all  resistance  "in." 

(4)    Full  parallel. 
The  interlocking  of  the  handles  is  the  same  as  explained  in  §  688. 

In  the  first  position  of  the  handle,  one  of  the  control  wires  leading 
into  the  reverser  box  is  energized,  and  the  reverser  is  thrown  into  the 
" forward,"  or  the  "reverse"  position,  according  to  the  position  of 
the  reversing  handle  of  the  master  controller.  In  this  movement  the 
reverser  closes  an  auxiliary  contact  which  completes  the  circuit  of  the 
coil  of  the  so-called  "series"  contactor.  The  contactor  is  energized 
and  closes  the  motor  circuit  with  all  the  starting  resistances  in  series. 
The  train  starts,  but  no  more  contactors  are  brought  into  play,  as  long 
as  the  master  controller  is  on  the  first  notch. 

By  moving  the  handle  into  the  second  position,  the  motorman  closes 
the  circuit  of  the  so-called  "accelerating"  wire,  which  energizes  a 
second  contactor;  this  contactor  short-circuits  part  of  the  resistance  in 
series  with  the  motors.  At  the  same  time,  this  second  contactor  closes 
the  circuit  of  the  solenoid  of  a  third  contactor,  which  short-circuits 
some  more  resistance  in  the  motor  circuit.  This  process  goes  on,  until 
all  the  resistance  is  short-circuited,  and  the  motors  are  in  full  series. 

The  speed  at  which  the  successive  contactors  are  lifted  up,  is  con- 
trolled by  the  above-described  current-limit  relay.  When  the  first 
contactor  in  the  second  position  of  the  handle  is  closed,  it  automati- 
cally shifts  the  circuit  of  its  own  solenoid  to  that  of  the  preceding 
solenoid,  making  it  thus  independent  of  the  "accelerating"  wire.  If 
the  main  current  is  too  heavy,  the  accelerating  circuit  is  opened  by 
the  current-limit  relay,  preventing  the  next  contactor  from  being  ener- 
gized. This  does  not  open,  however,  the  contactor  already  in  the 
circuit,  because  its  solenoid  is  now  connected  around  the  accelerating 
wire.  As  soon  as  the  current  drops  to  its  normal  value,  the  current- 
limit  device  again  closes  the  circuit  of  the  accelerating  wire,  which 
energizes  the  next  solenoid,  etc.  The  plunger  of  the  relay  has  some 
lost  motion,  so  that  it  does  not  open  the  accelerating  circuit,  before 
the  solenoid  has  been  transferred  to  the  other  circuit. 
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In  the  third  position  of  the  operating  handle  of  the  master  controller, 
additional  control  wires  are  energized,  other  contactors  are  brought 
into  action,  and  the  connections  of  the  motors  are  changed  from  series 
to  parallel.  Bridge  connections  are  used  (§  686)  with  this  type  of 
unit-multiple  controller.  In  the  fourth  position  of  the  motorman's 
handle,  operations  are  performed  similar  to  those  in  the  second  position, 
but  with  the  motors  in  parallel. 

It  is  clear  then,  that  the  controller  handle  may  be  moved  into  the 
fourth  position  from  the  very  start,  because  the  contactors  can  l>e 
energized  in  a  certain  order  only,  and  the  rate,  at  which  the  successive 
contacts  are  closed*  is  controlled  automatically  by  the  current-limit 
relay. 

699.  EXPERIMENT  31-B.  —Operating  a  Multiple-Unit  Con- 
troller.—  The  purpose  of  the  experiment  is  to  give  practice  with 
the  circuits,  construction  and  operation  of  this  system  of  control.  The 
principles  explained  in  the  preceding  articles  apply  to  an  electric  as 
well  as  to  an  electro-pneumatic  controller.  An  exact  diagram  of  con- 
nections always  accompanies  a  controller.  It  is  out  of  the  question  to 
have  all  the  wiring  done  during  one  or  two  laboratory  periods,  but  the 
most  important  connections  should  be  made  by  the  student  himself, 
in  order  to  become  familiar  with  the  wiring  of  the  controller. 

Connect  the  controller  to  two  railway  motors  and  operate  it  under 
the  conditions  under  which  it  is  operated  in  practice.  Observe  the 
action  of  the  interlocking  and  safety  devices.  If  possible,  put  a  certain 
load  on  the  motors,  and  also  have  them  belted  to  a  fly-wheel  to  imitate 
the  inertia  of  the  car.  Measure  the  total  time  of  operation  of  the 
contactors,  also  approximately  the  moments  at  which  the  new  con- 
tactors operate.  Note  the  corresponding  fluctuations  of  the  current. 
Vary  the  load,  the  inertia,  the  setting  of  the  current-limit  relay,  ami 
observe  the  difference  in  the  operation  of  the  controller.  Make  sketches 
of  the  contactors,  of  the  reverser,  the  relay  and  the  master  controller. 

Report  the  actual  connections,  or  at  least  the  details  by  which  they 
differ  from  those  described  above.  Draw  rough  sketches  showing  the 
construction  of  the  most  important  parts  of  the  controller.  Give  the 
results  showing  the  time  of  starting,  fluctuations  of  current,  effect  of 
various  settings  of  the  current-limit  relay,  etc. 

3.     ACCELERATION    AND    RETARDATION   TESTS  ON    CARS. 

700.  Car  schedules  on  long  suburban  and  inter-urban  lines  depend 
essentially  upon  the  maximum  speed  which  the  motors  can  develop 
in  a  given  car  and  with  the  profile  of  the  road.  On  the  contrary,  car 
schedules  within  city  limits  depend  to  a  considerable  extent  on  the 
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rate  of  acceleration  and  deceleration  (retardation)  possible  with  a  given 
equipment.  Stops  within  city  limits  are  so  frequent,  that  sometimes 
a  larger  part  of  the  time  is  taken  by  accelerating  and  stopping  the  car, 
than  in  running  it  at  a  uniform  speed. 

A  study  of  car  acceleration  and  deceleration  is  thus  important  for 
determining  the  schedules  and  the  power  consumption  to  be  expected 
with  a  given  equipment.  Experiments  on  actual  cars  are  performed 
from  time  to  time  by  operating  and  manufacturing  companies,  and 
the  results  are  used  as  a  basis  for  designing  new  equipments.  Numer- 
ous tests  of  this  kind  were  performed  in  1904  under  the  supervision  of 
Profs.  Norris  and  Swenson,  acting  for  the  Electric  Railway  Test  Com- 
mission of  the  Louisiana  Purchase  Exposition.  The  very  interesting 
results  of  these  tests  may  be  found  in  the  printed  report  of  the  com- 
mission. 

In  order  to  observe  the  performance  of  an  actual  car,  with  the  action 
of  its  inertia,  friction,  air  resistance,  influence  of  grades  and  track  cur- 
vature, etc.,  a  long  experimental  track  and  a  specially  equipped  car 
must  be  available.  All  that  can  be  attempted  along  these  lines,  in 
the  laboratory,  is  an  approximation  on  a  small  scale  to  actual  condi- 
tions; and  a  demonstration  of  instruments,  used  in  actual  car  tests  for 
recording  amperes,  speed,  distance,  etc.  At  the  same  time  it  is 
believed,  that  some  acquaintance  with  the  methods  and  devices  used 
in  acceleration  and  retardation  tests,  as  well  as  some  practice  in  work- 
ing out  the  results,  constitute  a  good  preparation  for  the  performance 
of  similar  experiments  on  a  larger  scale.  Moreover,  even  such  a 
laboratory  experiment  helps  one  to  understand  the  most  important 
factors  affecting  the  practical  operation  of  electric  cars. 

'701.  Description  of  Apparatus.  —  A  simple  laboratory  arrange- 
ment for  acceleration  and  retardation  tests,  which  may  be  built  at  a 
moderate  cost  and  which  well  serves  the  purpose,  is  shown  in  Fig.  511. 
It  consists  of  a  small  series  motor,  belted  to  a  shaft  which  carries  one 
or  more  heavy  fly-wheels  and  a  pulley  provided  with  a  Prony  brake. 
The  motor  represents  the  motor  equipment  of  a  street-car;  the  fly- 
wheels play  the  part  of  the  car  inertia;  the  Prony  brake  load  supplies 
the  frictional,  grade  and  other  resistances  of  the  car.  The  set  can  be 
run  under  various  electrical  and  mechanical  conditions,  and  the  results 
observed  may  be  applied,  at  least  qualitatively,  to  actual  cars. 

Speed  and  current  vary  so  rapidly  during  the  period  of  acceleration, 
that  it  is  hardly  possible  to  take  sufficiently  accurate  readings  with  an 
ordinaty  tachometer  and  an  ammeter.  Therefore,  recording  instru- 
ments must  be  provided,  similar  to  those  used  in  testing  actual  cars. 
In  the  apparatus  shown  in  Fig.  511  a  roll  of  paper  is  driven  at  a  uniform 
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speed  by  a  chronograph.  The  pencil  A  traces  amperes,  the  pencil  T 
marks  seconds  of  time,  and  the  pencil  D  marks  distances  run  by  the 
car.    These  three  pencils  are  actuated  as  follows: 

The  pencil  A  is  connected  to  a  cord  fastened  at  the  other  end  to  a 
handle  A  mounted  on  the  ammeter.  This  ammeter  is  connected  into 
the  motor  circuit  and  indicates  amperes  input  into  the  motor.  An 
observer  follows  with  the  handle  h  the  indications  of  the  ammeter 
pointer  as  closely  as  possible,  and  in  this  way  transmits  them  to  the 
pencil  A.  The  pencil  T  is  operated  by  the  electromagnet  t  whose 
circuit  is  closed  once  a  second  by  the  pendulum  S.    The  pencil  D  is 
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Fig.  511.    A  laboratory  apparatus  for  study  of  acceleration  of  electric  cars. 

actuated  by  the  electromagnet  d,  whose  circuit  is  closed  once  during 
each  revolution  of  the  fly-wheel  shaft.  With  this  arrangement,  amperes 
are  plotted  directly  to  time  as  abscissae,  while  from  the  marks  made  by 
the  pencils  T  and  D  the  time-distance  curve  or  the  speed  curve  of  the 
car  can  be  easily  constructed.* 

702.  Car  Performance  Curves.  —  Car  performance  curves,  in  their 
elementary  aspect,  are  represented  in  Fig.  512.  In  the  most  general 
case  they  consist  of  four  parts:    (1)  acceleration  period,   (2)  running 

*  For  some  other  special  instruments  of  this  kind  see  Chapter  III  in  Ashe  and 
Kefley's  Electric  Railways,  —  Train  Recording  and  Indicating  Instruments. 
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at  full  speed,  (3)  coasting,  and  (4)  braking.  The  toothed  part  of  the 
current  curve  corresponds  to  the  first  part  of  the  acceleration  period, 
when  the  controller  resistances  are  gradually  cut  out.  With  a  two-  or 
four-motor  equipment  this  part  consists  of  two  distinct  portions  — 
motors  in  series  and  motors  in  parallel.  The  smooth  part  of  the  cur- 
rent curve  during  the  period  of  acceleration  corresponds  to  the  increase 
in  speed  at  full  voltage.  During  the  second  period  (full  speed)  the  cur- 
rent is  constant,  if  the  profile  of  the  road  is  uniform;  then  the  current  is 
cut  off,  the  car  is  allowed  to  coast  for  a  reasonable  length  of  time,  and 
finally  the  brakes  are  applied  in  order  to  stop  it  at  the  right  place. 
The  distance  covered  by  the  car  (counting  from  the  preceding  stop), 
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Fig.  512.    Car  performance  curves. 

increases  at  first  slowly,  then  faster,  and  when  the  car  reaches  its  final 
speed  the  distance  increases  proportionally  to  the  time.  During  the 
periods  of  retardation  the  distance  again  increases  more  slowly.  The 
speed  curve  reaches  its  maximum  in  the  middle  portion  and  gradually 
decreases  to  zero  at  both  ends.  The  ordinates  of  this  curve  are  pro- 
portional to  the  tangents  of  the  distance-time  curve  (v  =  ds/dt). 

Acceleration  is  positive  during  the  first  part  of  the  run,  and  negative 
during  the  last  two  periods.  When  the  car  is  running  at  full  speed 
the  acceleration  is  =  0.  The  ordinates  of  the  acceleration  curve  are 
proportional  to  the  tangents  of  the  speed  curve  (accel.  =  dv/dt). 

703.  EXPERIMENT  3 1-C.  —  Acceleration  and  Retardation 
Tests  on  an  Electric  Car.  —  The  experiment  consists  in  getting  data 
for  the  four  parts  of  the  above  performance  curves  (Fig.  512).  These 
parts  are  then  put  together  to  form  complete  performance  curves, 
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from  which  certain  deductions  may  be  drawn  in  regard  to  the  equip- 
ment and  the  possible  schedule. 

(1)  Begin  the  test  by  calibrating  the  Prony  brake  for  different 
speeds;  in  other  words,  determine  the  values  of  torque  which  must  be 
applied  to  the  pulley  in  order  that  the  motor  may  reach  certain  final 
speeds.  Then  begin  taking  data  for  the  first  part  of  the  performance 
curves  (acceleration).  Use  recording  instruments,  such,  for  instance,  as 
are  shown  in  Fig.  511,  and  take  several  runs,  varying  the  following  factors : 

(a)  The  period  of  time  during  which  the  starting  resistance  is  gradu- 
ally cut  out.  Move  the  rheostat  handle  as  evenly  as  possible.  The 
more  slowly  the  resistance  is  cut  out,  the  more  time  it  takes  to  reach 
the  final  speed,  but  the  less  is  the  rush  of  current;  the  subsequent 
heating  of  the  motor  and  the  waste  of  power  are  thus  reduced. 

(b)  The  final  speed  attained  by  the  motor:  this  is  done  by  properly 
setting  the  Prony  brake  according  to  the  calibration,  as  mentioned 
before. 

(c)  The  pulley  ratio  on  the  motor  shaft  and  the  fly-wheel  shaft : 
in  application  to  actual  cars  this  means  changing  the  gear  ratio  between 
the  motor  and  the  axle.  The  lower  the  ratio  (the  nearer  to  each  other 
the  diameters  of  the  gears),  the  higher  the  speed  of  the  car,  and  the 
heavier  is  the  duty  required  of  the  motor. 

(2)  The  second  part  of  the  curves  (running  at  full  speed)  does  not 
require  any  extra  test,  since  the  necessary  data  can  be  obtained  from 
the  previous  runs  by  continuing  them  until  the  speed  and  the  amperes 
input  become  constant. 

(3)  The  necessary  data  for  the  third  part  of  the  curves  (coasting) 
are  obtained  by  bringing  the  fly-wheel  to  the  highest  safe  speed  and 
then  observing  the  gradual  decrease  in  speed  due  to  the  frictional 
resistance.  This  experiment  should  be  performed  with  the  same  values 
of  brake  load  as  were  used  in  determining  the  preceding  curves.  Instead 
of  recording  the  speed  with  a  chronograph,  it  is  preferable  in  this  case 
to  use  a  tachometer,  or  else  to  use  the  motor  itself  as  an  electrical 
tachometer.  After  the  set  has  been  brought  up  to  the  desired  speed, 
the  current  is  cut  off,  and  the  motor  field  excited  with  a  small  current 
from  an  independent  source.  The  voltages  thus  induced  are  propor- 
tional to  the  instantaneous  values  of  speed,  and  may  be  read  on  a 
suitable  voltmeter. 

(4)  The  last  part  of  the  curves  (braking)  are  taken  in  a  similar 
way.  The  brake  can  be  applied  to  the  fly-wheel;  or  else  the  Prony- 
brake  load  can  be  increased  to  give  the  necessary  braking  effect. 
Repeat  this  run  with  a  few  different  values  of  brake  pressure,  in  order 
to  see  the  effect  of  this  factor  on  car  schedule. 
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It  is  also  desired  that  the  student  try  to  stop  the  fly-wheel  by  con- 
verting the  motor  into  a  generator  and  closing  it  on  suitable  resistances 
(starting  resistance  can  be  used  for  this  purpose).  See  that  the  arma- 
ture leads  are  reversed  in  the  brake  position,  so  as  to  have  the  right 
direction  of  residual  magnetism  in  the  field.  At  first,  the  motor  must 
be  closed  on  a  comparatively  high  resistance,  in  order  not  to  overload 
it.  As  the  speed  decreases,  the  resistance  is  gradually  cut  out  of  the 
circuit,  and  finally  the  motor  can  be  short-circuited  on  itself.  Have  an 
ammeter  and  a  voltmeter  in  the  circuit,  so  as  to  observe  the  electrical 
relations.  Take  ampere-time  and  speed-time  curves  with  various  rates 
of  cutting  out  the  resistance;  or  else,  take  curves  for  different  values  of 
"braking  current,"  regulating  the  resistance  so  as  to  keep  the  current 
in  each  case  as  nearly  constant  as  possible. 

Report.  The  results  of  the  experiment  should  be  applied  for  deter- 
mining some  of  the  schedules  which  the  equipment  under  test  can  give 
in  commercial  service.  Assume  a  certain  distance  between  the  stops, 
and  plot  the  curves  shown  in  Fig.  512,  selecting  such  experimental 
data  as  to  have  this  distance  covered  in  minimum  time.  This  means 
cutting  out  starting  resistances  as  fast  as  possible,  and  applying  the 
maximum  braking  pressure  immediately  after  the  power  has  been  shut 
off;  in  other  words,  running  as  long  as  possible  at  maximum  speed  and 
leaving  out  the  coasting  period.  Assume  a  certain  length  of  stops,  say 
5  seconds  or  thereabouts,  and  take  the  ideal  and  the  simplest  case  that 
the  car  performs  a  regular  schedule  of  the  above  runs  and  stops  all  day. 
Figure  out  the  average  commercial  speed  with  and  without  stops, 
kw.-hrs.  power  expenditure  per  unit  distance  covered  by  the  car,  and 
the  average  effective  current  (square  root  of  the  mean  of  the  squares 
of  current).  This  latter  should  not  be  larger  than  the  rated  current  of 
the  motor;  otherwise  the  temperature  of  the  motor  will  rise  beyond 
the  safe  limit,  after  a  few  hours  run. 

Should  it  result,  that  the  above  acceleration  and  speed  overload  the 
motor,  the  schedule  should  be  modified  so  as  to  reduce  the  power  input, 
of  course  at  a  sacrifice  of  the  average  speed  or  of  the  number  of  trips 
per  day.  Take  a  lower  rate  of  acceleration,  introduce  a  reasonable 
amount  of  coasting  and  reduce  the  brake  pressure.  Make  these  changes 
by  trials  until  a  satisfactory  schedule  is  arranged,  with  as  high  an 
average  speed  as  possible. 

As  another  alternative  for  bringing  the  schedule  within  the  capacity 
of  the  motor,  the  gear  ratio  can  be  reduced,  so  as  to  decrease  the  maxi- 
mum speed.  Compare  the  schedule  and  the  power  consumption 
attained  in  this  way  with  those  obtained  with  the  motor  geared  for  a 
higher  speed  (with  the  same  average  commercial  speed). 
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Numerous  performance  curves  taken  from  experiments  on  actual  cars 
may  be  found  in  the  above-mentioned  Report  of  the  Electric  Railway 
Test  Commission. 

4.     AIR-BRAKES. 

704.  One  of  the  most  important  items  in  the  equipment  of  a  car 
is  the  brake.  Most  of  the  electric  cars  in  common  use  are  equipped 
with  hand-brakes,  in  which  the  brake  shoes  are  forced  against  the  wheels 
by  a  system  of  levers  operated  by  a  handle  under  the  control  of  the 
motorman.  The  general  tendency  towards  an  increase  in  the  weight 
and  size  of  cars  has  caused  hand-brakes  in  many  cases  to  be  inadequate 
for  control.  This  has  resulted  in  the  introduction  of  air-brakes,  in 
which  the  shoes  are  pressed  against  the  wheels  by  means  of  a  piston 
operated  by  compressed  air. 

Compressed  air  may  be  supplied  either  by  a  compressor  on  the  car 
itself,  or  the  car  carries  an  air-storage  reservoir  which  is  replenished 
at  certain  intervals  from  station  tanks.  The  car  compressor  may  tie 
driven  either  by  a  separate  electric  motor,  or  directly  from  a  car  axle. 
A  separate  motor  compressor  on  each  car  is  the  best  solution,  if  the 
road  can  afford  to  so  equip  the  cars. 

705.  Straight-Air  Brake  Equipment.  —  The  general  arrange- 
ment of  parts  of  a  simple  air-brake  equipment,  as  used  on  single  electric 
cars  (not  on  trains),  is  shown  in  Fig.  513.  The  principal  parts,  clearly 
seen  in  the  figure,  are:  The  motor-compressor,  the  compressed-air  reser- 
voir, the  brake  cylinder,  and  the  operating  (or  motorman's)  valves, 
one  on  each  end  of  the  car.  To  apply  the  brakes,  the  motorman  turns 
the  handle  to  such  a  position,  that  compressed  air  from  the  reservoir 
flows  into  the  brake  cylinder.  This  causes  the  piston  inside  of  the  cylin- 
der to  move  and  set  the  brakes.  To  release  the  brakes,  the  operating 
handle  is  moved  to  such  a  position  that  the  air  reservoir  is  cut  off  from 
the  brake  cylinder,  and  the  latter  is  connected  to  the  atmosphere 
(through  a  muffler,  in  order  to  deafen  the  disagreeable  noise  of  the 
escaping  air).  As  the  air  pressure  in  the  cylinder  is  reduced,  the  piston 
travels  back  under  the  influence  of  an  opposing  spring  inside  of  the 
cylinder. 

The  motorman's  valve  has  four  positions:  The  extreme  left  position 
of  the  handle  is  the  "release  "  position,  in  which  the  brake  cylinder 
is  connected  to  the  atmosphere,  and  the  air  reservoir  is  closed.  The 
next  position  is  the  "running  "  or  the  "lap"  position;  here  all  the  ports 
are  closed,  so  that  if  there  was  any  air  in  the  brake  cylinder  it  remain* 
there,  as  long  as  the  handle  is  in  the  "lap"  position.  The  next  posi- 
tion corresponds  to  the  so-called  "service  application"  of  the  brakes: 
the  brake  cylinder  is  disconnected  from  the  atmosphere  and  is  put  in 
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communication  with  the  compressed-air  reservoir,  through  a  small 
opening.  The  air  flows  to  the  brake  cylinder,  and  the  brake  shoes  are 
gradually  applied  to  the  car  wheels.  When  the  car  has  sufficiently 
slowed  down,  the  handle  is  returned  to  the  lap  position,  in  order  not 


Fig.  613.     Westinghouse  straight-air  brake  equipment. 

to  increase  the  pressure  further.  The  extreme  right  position  of  the 
operating  handle  gives  an  "emergency  application"  of  the  brakes; 
the  air  reservoir  is  connected  to  the  brake  cylinder  through  a  large  port, 
so  that  the  full  air  pressure  is  instantaneously  applied  to  the  wheels. 
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This  gives  a  very  unpleasant  sudden  stop,  and  should  be  used  in 
extreme  cases  only,  for  instance,  in  order  to  avoid  a  collision,  to  save 
a  life,  etc. 

The  electrical  connections  in  such  an  air-brake  equipment  are  very 
simple:  The  current  from  the  trolley  passes  through  two  snap-switches, 
one  on  each  platform,  through  a  fuse  block  and  the  pump  governor  to 
the  motor.  The  motor  is  series-wound  and  has  no  starting  resistance 
whatever;  the  current  passQ^Jhrough  its  armature  and  field,  and  thence 
to  the  ground  with  the  rest  of  the  car  current. 

The  pump  governor,  shown  in  the  diagram,  automatically  starts  and 
stops  the  compressor-motor,  and  in  this  way  maintains  the  air  pressure 
in  the  reservoir  within  the  required  limits.  The  governor  consists  of 
a  snap-switch,  actuated  by  the  piston  of  a  small  air  cylinder,  connected 
to  the  air  reservoir.  When  the  pressure  has  reached  its  upper  limit  the 
piston  moves  against  a  spring  and  opens  the  electric  circuit,  stopping 
the  motor.  When  the  air  pressure  reaches  its  lower  limit  the  spring 
returns  the  piston  to  its  former  position,  and  closes  the  circuit;  the  motor 
starts  again  and  raises  the  air  pressure. 

The  other  parts  of  the  equipment  are:  A  safety  valve,  limiting  the 
pressure  in  the  main  reservoir  to  a  predetermined  value;  and  a  duplex 
pressure  gauge  (with  two  hands)  on  each  platform;  one  hand  shows 
the  pressure  in  the  reservoir,  the  other,  in  the  train  pipe.  The  signal 
whistles,  used  on  inter-urban  cars,  are  operated  by  the  air  from  the 
same  main  reservoir  as  the  brakes. 

706.   EXPERIMENT  3 1-D. —  Operating  Straight-Air  Brakes.  — 

An  equipment  should  be  provided  for  this  experiment,  similar  to  that 
shown  in  Fig.  513,  and  conveniently  arranged  so  that  all  the  parts  are 
accessible  for  study.  Before  beginning  the  experiment,  carefully  study 
the  piping  and  the  electrical  connections  of  the  outfit.  Then  the  com- 
pressor set  must  be  started  and  the  pressure  in  the  main  reservoir 
brought  up  to  the  required  value.  This  will  make  the  equipment 
ready  for  operation.     The  work  should  be  conducted  as  follows: 

(1)  Practice  operating  the  motorman's  valve  so  that  you  know 
exactly  all  the  positions  and  what  operations  they  represent;  also 
observe  the  variations  in  pressure,  without  taking  any  exact  readings. 

(2)  Make  a  study  of  operating  conditions  of  the  motor-compressor 
and  of  the  main  reservoir.  Assume  a  certain  schedule  which  the  car 
is  supposed  to  perform;  say,  a  stop  every  n  minutes,  requiring  an  appli- 
cation of  the  brakes,  and  a  certain  number  of  seconds  z  that  the  brakes 
must  be  "on."  Actually  perform  this  schedule  during  15  or  20  min- 
utes, and  observe  as  accurately  as  possible  the  following:  per  cents 


Chap.  31]  ELECTRIC  RAILWAY   WORK.  737 

time  during  which  the  compressor  is  operating,  and  at  rest;  amperes 
and  volts  that  it  takes  to  operate  the  motor;  variations  of  pressure  in 
the  main  reservoir;  the  pressure  at  which  the  governor  starts  the  motor 
and  at  which  it  opens  the  circuit.     Plot  the  results  to  time  as  abscissae. 

(3)  Take  pressure-time  curves  showing  how  the  pressure  changes 
in  the  different  parts  of  the  equipment  when  the  motorman's  valve  is 
moved  in  a  certain  position,  or  a  complete  cycle  of  handle  operations 
is  performed.  Read  the  gauges,  always  beginning  with  the  same 
pressure  in  the  main  reservoir.  Plot  the  pressures  to  seconds  time  as 
abscissae,  also  mark  the  time  of  the  beginning  and  the  end  of  the  travel 
of  the  brake-cylinder  piston. 

(4)  Measure  with  a  spring  balance  the  brake-shoe  pressure  at  different 
air  pressures  in  the  brake  cylinder.  Check  the  results  with  the  theoret- 
ical pressures  figured  from  the  piston  area  and  the  leverage  ratio. 

707.  Automatic  Air-Brake  Equipment.  —  The  above-described 
air-brake  equipment,  so-called  straight-air  system,  is  no  longer  used  on 
steam  railroads,  notwithstanding  its  simplicity;  even  on  electric  roads 
it  is  in  some  cases  being  replaced  by  the  more  complicated  automatic 
air-brake  equipment.  A  drawback  of  the  straight-air  system  is  that 
with  a  train,  consisting  of  several  cars,  an  appreciable  time  elapses 
before  the  air  pressure  is  transmitted  along  the  train  pipe.  Therefore, 
the  brakes  on  the  front  cars  are  set  earlier  than  on  rear  ones,  and  the 
latter  have  a  tendency  to  run  into  the  front  cars.  Another  important 
drawback  of  the  straight-air  System  is,  that  should  there  be  a  leak  in 
the  train  pipe,  or  should  the  train  be  pulled  asunder,  the  brakes  can 
no  longer  be  applied;  this   might  lead  to  a  serious  accident. 

These  disadvantages  are  eliminated  in  the  automatic  air-brake  sys- 
tem, with  which  the  "brakes  on  all  cars,  even  with  the  longest  freight 
trains,  are  set  practically  simultaneously.  Moreover,  should  there 
occur  a  break  in  the  train  pipe,  or  a  serious  leak,  the  brakes  are  applied 
automatically,  and  the  train  stopped. 

These  advantages  are  obtained  by  the  addition  of  an  auxiliary  air 
reservoir  on  each  car  (Fig.  514).  Compressed  air  for  brake  application 
has  to  flow  but  a  short  way  between  this  auxiliary  reservoir  and  the 
brake  cylinder  on  the  same  car;  this  insures  a  simultaneous  application 
of  the  brakes  on  all  the  cars.  The  auxiliary  reservoirs  are  recharged 
from  the  main  reservoir  during  periods  of  release.  Each  auxiliary 
reservoir  is  operated  by  a  so-called  triple  valve,  placed  on  each  car  near 
the  brake  cylinder.  This  valve  automatically  performs  the  motorman's 
duties  for  each  car;  it  sets  the  brakes,  releases  the  brakes,  and  recharges 
the  auxiliary  reservoir.  The  triple  valve  assumes  one  of  these  three 
positions  (hence  the  name  triple  valve)  according  to  the  pressure  in  the 
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train  pipe.  The  motorman  on  the  front  car  has  only  to  establish  a 
certain  pressure  in  the  train  pipe;  the  triple  valves  on  all  the  cars  operate 
accordingly. 

The  triple  valve  is  so  constructed  that  increasing  the  pressure  in  the 
train  pipe  releases  the  brakes,  while  with  the  straight-air  brake  system 
this  would  set  the  brakes.  With  an  increased  pressure  the'  triple  valve 
is  moved  to  such  a  position  that  it  connects  the  brake  cylinder  to  the 
atmosphere.  Reducing  the  pressure  in  the  train  pipe  gives  a  prepon- 
derance of  pressure  to  the  auxiliary  reservoir.  The  air  in  the  latter 
shifts  the  valve  out  of  the  way,  puts  itself  into  communication  with 
the  brake  cylinder,  and  sets  the  brakes.  For  further  details  of  the 
operation  of  the  triple  valve,  see  §  709  below. 

708.  Motorman's  Valve.  —  With  the  automatic-air  system  there 
are  five  different  positions  of  the  motorman's  operating  valve:  release, 
running,  lap,  service  application  and  emergency  application.  As  the 
motorman  faces  the  valve,  the  position  farthest  to  his  left  is  the  release; 
the  other  positions  follow  to  the  right  in  the  order  named. 

The  purpose  of  the  release  position  is  to  provide  a  large  and  direct 
passage  from  the  main  reservoir  to  the  train  pipe,  in  order  to  insure  a 
quick  release  and  recharging  of  the  auxiliary  reservoirs.  With  the 
valve  in  this  position,  a  "warning  port "  discharges  air  from  the  main 
reservoir  into  the  atmosphere  with  a  considerable  noise,  attracting  the 
motorman's  attention,  if  he  neglects  to  move  the  valve  handle  to  the 
running  position.  This  is  necessary,  because  the  pressure  in  the  main 
reservoir  must  be  higher  than  in  the  main  pipe;  it  is  about  90  pounds 
in  the  former  and  only  70  pounds  in  the  latter. 

In  the  running  position  of  the  valve,  the  main  reservoir  is  connected 
to  the  train  pipe  through  a  special  feed  valve,  placed  under  the  motor- 
man's  operating  handle.  This  valve  lets  the  air  pass  into  the  train  pipe 
when  the  pressure  in  this  pipe  is  below  70  pounds,  and  thus  supplies  the 
leaks. 

In  the  lap  position  all  the  ports  are  closed  and  thus  made  inopera- 
tive. This  position  is  used  after  the  service  application  of  the  brakes, 
in  order  to  keep  the  brakes  set  in  the  desired  position,  preventing  an 
interchange  of  compressed  air. 

In  the  service-application  position,  the  train  pipe  is  connected  to  the 
atmosphere  through  a  small  port;  the  reduction  of  air  pressure  effects 
the  movement  of  the  triple  valves  to  the  right,  and  the  brakes  are  set. 

The  emergency  position  is  distinguished  from  the  preceding  one  by 
offering  a  much  larger  passage  to  the  air  into  the  atmosphere;  this 
causes  a  nearly  instantaneous  application  of  the  brakes  throughout 
the  train. 
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Some  motorman's  valves  are  provided  with  two  service  positions: 
one  for  slow  application,  for  instance  to  prevent  acceleration  on  grades, 
the  other  for  quick  service  application,  such  as  would  be  used  for  rapid 
stops  with  fast  city  schedule. 

709.  Triple  Valve.  —  The  action  of  the  triple  valve  may  be  under- 
stood from  its  cross-section  shown  in  Fig.  515.  The  valve  shown  there 
is  the  simple  and  original  form  of  the  device,  which  has  now  been  super- 
seded by  the  so-called  quick-action  triple  valve.  The  quick-action 
feature  will  be  mentioned  later  on. 


Fccfl  Groove 


Valve  Chamber 

To  Auxiliary 
ftewrfwtr 


GniUifttingtiprtug. 


,  Slide  Vrtr* 


FisLou'        fclxhuii»r     / 
Qnuluulkn£  Ft>rt' 


[To  TraJn  Pipe 

Fig.  515.     Westiughouse  triple  valve. 

The  triple  valve  is  connected  to  the  auxiliary  reservoir  and  to  the 
brake  cylinder  on  one  side,  and  to  the  train  pipe  on  the  other  side  (sec 
Fig.  514);  it  has  also  an  opening  to  the  atmosphere  (exhaust).  The 
necessary  connections  are  accomplished  by  the  slide  valve,  which  is 
operated  by  the  piston  to  its  left.  This  piston  is  in  turn  actuated  by 
the  difference  in  pressure  in  the  auxiliary  reservoir  and  in  the  train 
pipe. 

When  air  is  admitted  to  the  train  pipe,  through  the  motorman's 
brake  valve,  the  piston  is  forced  to  the  right-hand  end  of  its  stroke. 
In  this  position  the  feed  groove  is  uncovered,  and  the  air  is  permitted 
to  flow  past  the  piston  into  the  auxiliary  reservoir.  The  feed  groove 
is  made  of  such  a  size  that  about  sixty  seconds  are  required  to  fully 
charge  an  empty  auxiliary  reservoir.     In  this  position  of  the  piston,  the 
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brake  cylinder  is  connected  to  the  atmosphere  through  the  cavity  in 
the  slide  valve,  the  brakes  being  thus  released.  It  should  be  noted, 
that  only  in  this  position  can  the  auxiliary  reservoir  be  recharged. 

Now,  if  the  train-pipe  pressure  be  reduced  four  or  five  pounds,  the 
preponderance  of  pressure  on  the  auxiliary  reservoir  side  of  the  piston 
will  cause  it  to  move  to  the  left  until  it  strikes  the  flexible  abutment- 
In  this  position,  known  as  service  application,  a  graduating  port  in  the 
slide  opens  a  small  passage  from  the  valve  chamber  to  the  brake  cylin- 
der port:  The  air  from  the  auxiliary  reservoir  then  flows  into  the  brake 
cylinder,  until  the  air  pressure  in  the  auxiliary  reservoir  is  reduced 
slightly  below  that  in  the  train  pipe.  As  there  is  a  small  amount  of 
lost  motion  between  the  piston  stem  and  the  slide  valve,  the  slight 
excess  of  pressure  now  on  the  train-pipe  side,  moves  the  piston  inwardly 
far  enough  to  close  the  graduating  port,  but  has  not  sufficient  power 
to  overcome  the  friction  of  the  main  slide  valve.  The  triple  valve  is 
now  in  the  lap  position,  with  all  communications  cut  off  between  the 
train  pipe,  auxiliary  reservoir,  brake  cylinder  and  the  atmosphere. 

This  cycle  of  operations  may  be  repeated  with  a  resultant  increase 
of  the  brake-cylinder  pressure  and  a  decrease  of  the  auxiliary  reservoir 
pressure,  until  their  point  of  equalization  is  reached;  after  this  any 
further  reduction  of  the  train-pipe  pressure  is  not  only  useless  but 
wasteful. 

On  the  other  hand,  a  sudden  reduction  of  the  pressure  in  the  train 
pipe  causes  the  piston  to  move  to  the  left  with  such  force,  that  it  com- 
presses the  graduating  spring  and  uncovers  the  brake-cylinder  port. 
This  opens  a  direct  passage  between  the  auxiliary  reservoir  and  the 
brake  cylinder,  giving  an  almost  instantaneous  application  of  the 
brakes,  necessary  in  emergencies. 

Experience  has  demonstrated,  that  the  above-described  triple  valve 
does  not  act  quickly  enough  on  long  trains,  giving  the  same  trouble, 
as  had  been  experienced  with  the  straight-air  brake  system,  namely, 
the  rear  cars  running  into  the  front  ones.  This  fault  has  been  reme- 
died by  the  introduction  of  the  so-called  quick-action  triple  valve,  in 
which  a  direct  passage  is  provided  between  the  train  pipe  and  the 
brake  cylinder.  This  passage  is  usually  closed  by  a  valve,  but  is 
opened  in  the  emergency  position  of  the  slide  valve  by  an  ingenious 
mechanical  combination.  The  opening  of  this  passage  accomplishes 
two  results:  (1)  Venting  of  air  from  the  train  pipe  helps  to  reduce 
pressure  in  it,  and  so  assists  the  action  of  the  brake  on  the  next  cars. 
(2)  A  pressure  of  60  pounds  is  obtained  in  the  brake  cylinders,  instead 
of  50  pounds,  obtainable  from  the  auxiliary  reservoirs. 
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It  is  claimed  that  in  a  50-car  train  but  three  seconds  elapse  between 
the  movement  of  the  engineer's  valve  and  the  application  of  the  brakes 
on  the  last  car,  when  the  above  quick-action  attachment  is  used.* 

710.   EXPERIMENT  31-E.  —  Operating  Automatic  Air-Brakes. 

—  The  principal  parts  of  the  equipment  are  described  in  the  three  pre- 
ceding articles.  The  minor  parts  may  be  easily  understood  from  the 
diagram  shown  in  Fig.  514.  In  performing  this  experiment,  it  is  well 
to  have  a  dummy  motorman's  valve  and  a  dummy  triple  valve,  showing 
a  cross-section  of  these  devices.  The  dummy  valves  should  be  connected 
mechanically  to  the  actual  valves  so  as  to  follow  their  movements. 
This  enables  the  student  to  see  clearly  the  relative  positions  of  the 
various  slides  and  ports.    For  further  instructions,  see  §  706. 

(*)  For  more  recent  improvements  in  triple  valves,  namely,  the  gradu&ted- 
release  and  the  quick-recharge  features,  see  a  paper  by  Mr.  G.  G.  Fanner  in  the 
Proceeding*  of  ike  Air-Brake  Association,  1906,  p.  126. 


CHAPTER  XXXII. 
ELECTRIC  HEATING  AND   WELDINQ. 

1.    ELECTRIC    HEATING. 

711.  Among  minor  applications  of  electricity,  heating  and  cooking 
by  electric  current  are  growing  continuously  in  importance.  It  seems 
necessary,  therefore,  to  become  familiar  with  the  operation  of  electric 
heating  devices,  and  with  the  numerical  relations  governing  transfor- 
mation of  electrical  energy  into  heat.  It  may  be  stated  at  the  outset 
that,  from  the  standpoint  of  pure  heat  economy,  it  is  ordinarily  cheaper 
to  heat  a  room  or  cook  with  gas  or  coal,  than  by  electric  current:  In 
the  latter  case  the  thermal  energy  of  coal  or  gas  must  first  be  communi- 
cated to  the  steam-boiler,  then  be  converted  into  mechanical  and 
electrical  energy  in  the  power  house,  transmitted  through  a  line,  and 
finally  converted  into  heat  again,  instead  of  being  directly  used  in  a 
stove.  However,  gas  light  is  also  cheaper  than  electric  light,  and  yet 
lighting  by  gas  is  gradually  giving  place  to  electric  lighting.  Here,  as 
in  the  case  of  electric  heating  devices,"  indirect  advantages,  and  conven- 
ience, or  comfort  gained,  overwhelm  the  mere  difference  in  price,  and 
make  the  application  of  electric  current  for  heating  desirable  and 
rational.  Moreover,  in  places  where  cheap  water  power  is  abundant, 
and  coal  is  scarce,  heating  and  cooking  by  electricity  are  cheaper  than 
by  coal  or  gas. 

712.  Principal  Heating  Devices.  —  The  principal  forms  of  electric 
heating  and  cooking  devices,  now  in  use,  are  as  follows: 

(1)  Street-car  heaters,  and  radiators  for  heating  rooms. 

(2)  Kitchen  utensils:  food,  water,  coffee  and  tea  heaters  and  boilers, 
chafing  dishes,  cook  stoves,  etc. 

(3)  Soldering  irons,  laundry-,  factory-,  tailors'-irons,  etc. 

(4)  Curling-iron  heaters,  cigar  lighters,  heating  pads,  etc. 

An  electric  kettle  is  shown  in  Fig.  516;  it  has  a  double  bottom 
accommodating  a  resistance,  in  which  heat  is  produced.  This  particular 
device  has  three  terminals,  making  it  possible  to  have  either  the  whole 
winding  or  part  of  it  connected  in  the  circuit.  This  gives  three  values 
of  heating:  intense  heat,  medium  heat,  and  low  heat. 

Fig.  517  shows  an  electric  soldering  iron;  its  construction  is  clear  from 
the  sketch.     An  electric  flatiron  is  represented  in  Fig.  518;  it  can  be 
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connected  to  an  ordinary  lamp  socket,  and  heats  very  quickly  after  tb* 
current  is  turned  on. 

All  these  devices,  however  different  in  form  and  application,  are  based 
on  the  familiar  Joule's  law,  that  the  rate  of  generation  of  heat,  developed 
by  the  passage  of  a  current  through  a  conductor,  is  equal  to  P  R  watts. 
where  /  is  the  current  in  amperes,  and  R  the  resistance  of  the  conductor 
in  ohms.  Any  amount  of  heat  can  thus  be  generated  by  electric  current, 
by  suitably  selecting  /  and  Rt  provided  the  conductor  and  the  vessel 
can  withstand  the  temperatures  resulting. 


Fio.  516.    Electric  kettle. 

The  introduction  of  electric  heating  and  cooking  devices  is  very 
desirable  for  electric  operating  companies,  since  it  gives  them  some 
day-load,  especially  in  residence  districts.  In  the  business  part  of 
cities,  day-load  is  supplied  by  motors  in  industrial  establishments,  by 
elevators,  fan  motors,  etc.,  while  in  residence  districts  practically  all  of 
the  demand  comes  during  the  evening,  and  the  machines  in  power 
houses,  necessarily  large  enough  to  carry  the  evening  peak  of  the  load, 
are  running  uneconomically  during  the  day,  at  a  very  light  load.    The 
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day-load  can  be  increased  by  stimulating  the  use  of  electric  heating 
devices.  In  other  words,  electric  cooking  and  heating  devices  tend  to 
improve  the  "load  factor  "  of  the  power  houses,  or  the  ratio  between  the 
average  and  the  maximum  load  of  a  station;  this  ratio  plays  an  impor- 
tant part  in  the  economic  operation  of  central  stations. 


Cut  Iron  Spool 

Fio.  617.     Electric  soldering  iron. 

713.  Forms  of  Heating  Elements.  —  Materials  possessing  high 
specific  resistance  are  used  for  heating  elements,  in  order  to  generate 
large  amounts  of  heat  within  comparatively  small  space.  Such  ele- 
ments consist  either  of  wire  or  of  metal  strips,  and  may  be  entirely 
surrounded  by  air,  insulated  with  mica,  or  embedded  in  special  enamel. 
An  original  type  of  heating  element,  shown  in  Fig.  519,  consists  of  a 
strip  of  mica  covered  with  a  thin  layer  of  non-oxidizable  metal,  which  is 
firmly  secured  to  the  mica  by  a  process  of  firing.  The  conducting  strip 
is  covered  by  another  piece  of  mica,  and  the  whole  is  inclosed  in  a  pro- 


Fio.  618.     Electric  flatiron. 


Fig.  619.  Prometheus  heating  element 


tecting  metal  case.    Such  elements  are  placed  inside  of  utensils  nearest 
to  the  place  where  heat  is  required. 

714.  Conversion  of  Watts  into  Heat  Units.  — In  testing  electric 
heating  utensils  one  has  to  know  numerical  relations  between  watts 
input,  and  the  output  expressed  in  heat  units.  Confusion  sometimes 
arises  in  the  conversion,  because  the  electrical  unit  "watt"  refers  to 
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one  second  of  time,  while  the  heat  units  do  not  imply  time.  Correct 
results  are  obtained  by  using  either  "watt-seconds"  (joules)  or  "ther- 
mal units  per  second." 

The  fundamental  numerical  relation  is  as  follows:  When  one  kilowatt, 
or  1000  watts,  of  electrical  energy  are  continually  absorbed  in  a  resistance, 
an  amount  of  heat  is  liberated,  equal  to  0.948  British  thermal  units 
(B.  T.  U.)  per  second,  or  240  gram-calories  per  second.  Remembering, 
in  addition,  that  one  horse-power  is  equal  to  0.746  kw.,  we  have  all  the 
necessary  data  for  a  theoretical  conversion  of  electrical  energy  into  heat, 
or  mechanical  power.  The  relations  are  somewhat  more  complicated 
in  practice  because  of  the  losses  which  occur  in  the  transformation  of 
one  form  of  energy  into  another. 

715.  EXPERIMENT  32-A. —Testing  Electrical  Cooking  Uten- 
sils. —  A  water  heater  and  a  cook  stove  may  be  selected  as  representa- 
tive of  this  class  of  devices.  In  the  water  heater,  heat  is  communicated 
to  the  water  directly,  while  in  the  cook  stove  it  must  be  first  com- 
municated to  the  vessel  containing  the  water.  The  experiment  con- 
sists in  determining  the  relative  and  absolute  efficiencies  of  the  devices. 

(a)  Measure  the  total  electrical  input  necessary  for  bringing  a 
known  quantity  of  water  to  the  boiling-point;  the  useful  output  is 
equal  to  the  number  of  heat  units  required  for  bringing  the  water  to  the 
boiling-point.  The  ratio  of  output  to  input  (both  reduced  to  the  same 
units)  represents  the  efficiency  of  the  device.  During  the  process  of 
heating,  read  temperature  rise  several  times  per  minute,  also  the 
approximate  temperature  of  the  outside  walls  of  the  heater,  and  the 
distribution  of  heat  by  means  of  a  suitable  pyrometer,  or  an  electric 
thermometer. 

(b)  It  is  interesting  to  investigate  the  influence  of  the  supply  voltage 
on  the  efficiency  and  power  consumption  of  the  devices;  also  on  the 
amount  of  time  that  it  takes  to  bring  the  same  quantity  of  water  to  the 
boiling-point.  This  time  depends  essentially  on  the  initial  temperature 
of  the  water  and  of  the  vessel  itself:  In  order  to  get  comparable  results, 
be  sure  to  start  all  the  runs  under  the  same  conditions.* 

(c)  Another  question  to  be  investigated  is  the  comparative  cost  of 
cooking  by  gas  and  by  electricity.  An  ordinary  gps  stove  and  a  gas 
meter  should  be  provided  for  this  purpose;  the  same  quantity  of  water. 
as  was  used  in  the  electric  heater,  is  brought  to  the  boiling-point  by 
using  a  gas  heater,  and  the  number  of  cubic  feet  of  gas  consumed  is 

♦Great  care  should  be  exercised  in  handling  electric  cooking  devices:  the  boiler 
must  be  filled  with  water,  before  the  current  is  put  on.  Otherwise,  it  is  easy  to  bum 
out  the  heating  resistance.  Current  must  be  turned  off  as  soon  as  a  run  is  completed. 
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determined  by  the  meter  readings.  The  price  of  gas  in  different  locali- 
ties varies  from  $0.80  to  $1.50  per  1000  cu.  ft.;  the  price  for  electric 
current  is  between  8  and  15  cents  per  kilowatt-hour.  On  the  basis  of 
these  figures  a  comparison  of  cost  can  be  readily  made.  As  was  stated 
above,  however,  the  difference  in  price  alone  does  not  decide  the  relative 
advantages  of  using  gas  or  electric  current. 

There  is  one  test  which  in  spite  of  its  great  practical  importance  must 
be  omitted  in  the  laboratory:  This  is  the  "life  test,"  or  the  deter- 
mination of  the  number  of  hours  of  service  which  a  heating  device  can 
stand  before  its  heating  element  is  burned  out.  For  obvious  reasons 
such  a  test  could  not  be  performed  in  a  student's  laboratory. 

Report.  Plot  curves  of  temperature  rise  and  of  distribution  of  tem- 
perature in  the  devices  investigated.  Give  data  in  regard  to  their 
input,  output,  and  efficiency.  State  influence  of  supply  voltage  on  time 
necessary  for  bringing  a  given  amount  of  water  to  the  boiling-point. 
Figure  comparative  cost  of  heating  by  gas  and  by  electricity,  for  the 
average  prices  of  both,  prevalent  in  the  locality. 

716.  EXPERIMENT  32-B.  —  Testing  an  Electric  Radiator—  An 

electric  radiator  is  one  of  the  few  devices  in  which  the  efficiency  is 
equal  to  100  per  cent,  theoretically  as  well  as  practically:  All  of  the 
electrical  input  is  converted  into  heat,  and  this  is  used  for  raising  the 
temperature  of  the  surrounding  air.  The  only  test,  which  can  be  per- 
formed on  an  electric  heater,  consists  in  determining  the  temperature- 
time  curve  of  the  device,  and  in  measuring  the  total  amount  of  time 
which  it  takes  for  the  heater  to  reach  its  final  temperature.  In  per- 
forming this  test  read  temperatures  at  various  places  of  the  heater, 
and  the  temperature  of  the  air  at  a  certain  distance  from  the  heater; 
also  note  the  changes  in  current  due  to  the  variations  in  the  resistance 
of  the  heating  elements. 

Tests  relative  to  the  determination  of  the  size  of  heaters  for  given 
conditions,  important  in  the  subject  of  Heating  and  Ventilation,  may 
also  be  profitably  performed,  assuming  certain  requirements  of  service. 

Report  the  results  of  the  tests:  Figure  out  theoretically  what  should 
be  the  resistance  and  the  current  consumption  of  a  110- volt  air  heater, 
sufficient  to  raise  the  temperature  of  Q  cu.  ft.  of  air  at  a  rate  of  t  degrees 
Fahrenheit  in  one  hour.  The  air  is  assumed  to  be  at  the  ordinary 
room  temperature  and  atmospheric  pressure;  moreover,  it  is  supposed 
that  there  is  no  loss  of  heat  through  the  walls. 

717.  EXPERIMENT  32-C.  —  Testing  an  Electric  Soldering 
Iron. —  The  purpose  of  the  experiment  is  to  illustrate  the  use  and  the 
advantages  of  an  electrical  soldering  iron  (Fig.  517);  also  to  determine 
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the  cost  of  its  operation.  The  current  is  switched  on  and  the  input 
measured  every  few  seconds,  until  a  temperature  is  reached  sufficient 
for  soldering.  Have  a  sufficient  supply  of  small  pieces  of  wire,  brass 
ribbon,  etc.,  and  keep  on  soldering  them  for  a  sufficient  length  of  time,  in 
order  to  determine  the  cost  of  operation  per  joint. 

Report  time  and  power  consumption  for  the  first  joint,  and  the  same 
for  consecutive  joints.  Figure  out  the  cost  of  operation  on  the  basis 
of  a  certain  price  per  kilowatt-hour,  say  ten  cents. 

718.  EXPERIMENT  32-D.  —  Testing  an  Electric  Flatiron.  — 

The  distribution  of  heat,  of  importance  to  the  users  of  electric  flat  irons 
(Fig.  518),  is  determined  by  means  of  a  suitable  pyrometer.  The 
amount  of  time  necessary  to  reach  the  required  temperature,  is  deter- 
mined by  testing,  say  every  half  minute,  the  ability  of  the  iron  to  scorch 
papers;  such  records  are  sometimes  called  shadowgraphs.  Get  impres- 
sions while  heating  the  iron,  and  also  in  cooling  it:  one  of  the  good 
characteristics  of  a  flatiron  is  that  it  should  hold  heat  as  long  as  possible. 
Report.  State  the  amount  of  time  necessary  for  heating  the  iron:  and 
the  watt-hours  required  for  reaching  the  working  temperature.  Give 
the  obtained  distribution  of  temperature,  and  inclose  samples  of  shadow- 
graphs. Figure  out  the  cost  of  operation  per  hour,  on  the  basis  of  the 
price  per  kilowatt-hour,  prevalent  in  the  locality. 

2.     ELECTRIC    WELDING. 

719.  The  welding  of  two  pieces  of  metal  is  a  process  by  which  they 
are  made  to  cohere  strongly,  or  to  hold  together  as  a  single  piece,  when 
powerfully  pressed  together.  To  weld  such  metals  as  iron,  brass  and 
copper,  they  must  be  heated  up  to  very  high  temperatures,  near  those 
at  which  they  become  incandescent. 

Since  metals  can  be  heated  to  any  desired  temperature  by  passing 
through  them  a  sufficiently  large  electric  current,  the  idea  naturally 
arose  of  applying  electricity  to  the  process  of  welding.  The  advantages 
of  using  an  electric  current  rather  than  an  ordinary  coal  fire,  are:  The 
joint  can  be  heated  much  more  quickly;  the  temperature  is  easily 
adjusted  to  any  desired  degree;  greater  cleanliness  and  a  better  weld 
result  from  the  absence  of  impurities  due  to  the  gases  of  the  fuel. 

720.  Description  of  an  Electric  Welder.  —  The  operation  of  the 
electric  welder  may  be  understood  from  Fig.  520.  The  device  is,  in 
principle,  an  ordinary  alternating-current  transformer:  The  primary 
winding  P  may  be  wound  for  any  commercial  voltage  (100  volte,  200 
volts,  500  volts,  etc.);  the  secondary  S  consists  of  one  turn  of  heavy 
copper  bar.     The  secondary  circuit  is  completed  by  the  pieces  M  to  be 
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welded;  they  are  fastened  in  the  clamps  CC  and  pressed  against  each 
other  by  the  weight  W.  If  the  apparatus  is  intended  to  be  used 
continually,  the  secondary  turn  is  made  hollow,  and  cooling  water  is 
circulated  through  it. 

The  reason  for  using  alternating  current  for  welding,  and  particularly 
for  using  a  transformer  of  this  construction,  is  as  follows:  The  resist- 
ance of  two  pieces  to  be  welded  is  very  low,  but  it  takes  a  heavy  current 
to  bring  them  to  the  required  high  temperature.  Thus,  a  heavy  current 
at  a  low  voltage  is  needed  for  welding.  The  easiest  way  to  produce  such 
currents  is  by  means  of  a  transformer,  since  by  selecting  a  proper  ratio 
of  the  number  of  turns,  primary  and  secondary,  the  primary  current 
can  be  increased  any  desired  number  of  times,  with  a  corresponding 
reduction  of  the  voltage.     Suppose,  for  example,  the  primary  winding 


Fig.  520.     Electric  welder. 


to  consist  of  250  turns,  and  to  be  connected  to  a  500-volt  supply.  With 
a  single  turn  in  the  secondary  the  secondary  voltage  will  be  only  2  volts. 
At  the  same  time,  with  the  primary  current  of,  say,  10  amperes,  the 
secondary  current  will  be  2500  amperes,  which  is  sufficient  for  welding 
comparatively  large  pieces. 

To  secure  uniform  results,  the  following  automatic  feature  is  added 
to  the  above  welder.  The  weight  W  is  adjusted  so  as  to  get  the  best 
results  for  a  given  operation,  and  an  auxiliary  electrical  contact  is  placed 
near  the  movable  clamp  C.  The  operator  clamps  the  pieces  to  be 
welded  and  closes  the  primary  circuit.  As  soon  as  the  joint  becomes 
soft  and  the  clamp  begins  to  yield,  it  closes  the  above  contact.  This 
actuates  the  circuit-breaker,  and  opens  the  primary  circuit.  In  this 
way  overheating  and  waste  of  power  are  avoided,  and  the  apparatus 
can  be  intrusted  to  an  inexperienced  man. 
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721.  Principal  Applications.  —  Electric  welding  is  used  to  a  con- 
siderable extent  in  various  metal  industries,  especially  for  articles  manu- 
factured in  large  quantities,  where  the  same  operation  is  performed 
continually.  Carriage  tires,  wheel  spokes,  axles,  etc.,  are  economically 
welded  by  this  process;  pieces  of  wire  and  cable  are  joined  in  a  con- 
tinuous length;  heavy  pipes  and  bars  are  locally  heated  to  be  bent  to  any 
desired  shape.  It  is  possible  to  obtain  an  electrically  welded  joint 
of  nearly  the  same  mechanical  strength  as  the  welded  bars  themselves. 

Large  electric  welders  are  used  to  some  extent  for  joining  together 
rails  on  electrically  operated  railways.  Rails  are  commonly  used  as  a 
return  circuit  for  electric  current  operating  the  cars.  Therefore  a  good 
electrical  contact  between  the  rails  is  essential  in  order  to  reduce  the 
voltage  drop  and  the  losses;  also  to  prevent  electrolysis  of  water  and 
gas-pipes  by  stray  electric  currents.  The  usual  method  of  connecting 
rails  is  by  means  of  bonds,  or  copper  strips  of  different  shape.  Some 
engineers  prefer  to  have  a  continuous  rail  by  welding  all  the  joints ;  electric 
welders  are  used  for  this  purpose.  A  discussion  of  the  comparative 
advantages  of  bonding  and  welding  rails  is  out  of  place  here,  and  the 
student  is  referred  to  the  special  electric-railway  literature.* 

A  track-welding  car,  which  is  an  ordinary  motor  car  provided  with  a 
large  welding  transformer  and  a  motor-generator  set,  for  converting  the 
500-volt  direct  current  from  the  trolley  wire  into  the  alternating  current 
necessary  for  welding,  is  required  for  welding  rails.  The  two  ends  to  be 
welded  are  clamped  into  the  transformer  on  the  track  and  pressed 
together  by  hydraulic  pressure  of  a  hand  pump.  Then  the  current  is 
put  on  and  the  welding  effected,  as  described  above  for  smaller  pieces. 

722.  EXPERIMENT  32-E.  —  Exercises  in  Electric  Welding.  — 

The  student  should  begin  the  experiment  by  welding  together  two 
pieces  of  a  metal  rod  of  a  certain  size  and  material.  This  should  be 
done  at  different  values  of  the  applied  voltage,  beginning  with  the  lowest 
voltage  at  which  the  welding  can  be  accomplished.  The  variables  of 
practical  interest  in  this  test  are:  The  amount  of  time  required  to  weld 
a  joint;  kilowatt-hour  input;  average  current  and  watts  and  their 
fluctuations;  power  factor;  quality  of  the  weld  and  its  mechanical 
strength.  Having  an  ammeter,  a  voltmeter  and  a  wattmeter  in  the 
primary  circuit,  all  the  necessary  electrical  data  can  be  readily  obtained. 

*  It  may  be  mentioned  here  that  electric  welding  now  has  a  serious  competitor 
in  Golds chmidt's  thermit,  which  is  an  aluminum  compound  burning  at  a  very  high 
temperature.  A  mould  is  made  around  the  place  to  be  welded,  and  the  molten 
thermit  is  poured  into  the  mould.  The  temperature  thus  obtained  is  sufficient  to 
weld  two  pieces  of  rail. 
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A  testing  machine  should  be  provided  for  measuring  the  tensile  strength 
of  the  joint  and  comparing  it  to  that  of  the  material  itself.  The  pressure 
exerted  on  the  pieces  during  the  welding  may  also  affect  the  results,  and 
should  be  noted  and  varied  within  certain  limits.  In  order  to  get 
reliable  results,  the  main  switch  must  be  opened  the  very  moment  the 
welding  is  affected,  as  would  be  the  case  in  an  automatic  welder.  It 
may  occur  that  minimum  time  corresponds  to  one  voltage,  minimum 
power  to  another,  etc.;  the  most  advantageous  voltage  can  then  be 
selected  in  each  case,  according  to  the  importance  ascribed  tor  these 
different  factors. 

After  reliable  average  data  have  been  obtained  with  samples  of  a 
certain  size,  take  samples  of  the  same  material,  having  different  cross- 
sections,  and  weld  them,  in  order  to  see  the  influence  of  the  cross- 
section.    Try  also  to  weld  samples  of  different  materials. 

Report  the  results  as  to  power  consumption,  time,  tensile  strength, 
influence  of  cross-section,  etc.,  and  state  your  conclusions.  Figure  out 
cost  per  weld  at  a  certain  rate  for  power  supply. 

723,   EXPERIMENT  32-F. — Test  of  a  Welding  Transformer.  — 

The  purpose  of  the  experiment  is  the  determination  of  the  electrical 
efficiency  of  a  welding  transformer  (Fig.  520),  or  of  the  proportion  of  the 
watts  input,  which  is  actually  converted  into  heat  at  the  joint.  This  is 
by  no  means  a  simple  problem;  the  relations  in  the  secondary  circuit 
being  such  as  to  permit  no  very  accurate  measurements  of  volts  and 
amperes,  with  ordinary  commercial  ammeters  and  voltmeters,  nor  usu- 
ally of  any  wattmeter  readings.  Moreover,  the  resistance  of  the  sec- 
ondary circuit  is  so  low,  that  connecting  an  ammeter  into  it  appreciably 
changes  the  current  and  the  voltage  relations.  The  following  method, 
without  any  claim  to  accuracy,  gives  at  least  a  general  idea  of  the 
electrical  relations  in  the  secondary  circuit  of  a  welding  transformer. 

(1)  Measure  the  secondary  voltage  on  open  circuit.  This  can  be 
done  either  by  using  an  ordinary  alternating-current  voltmeter,  con- 
nected through  a  step-up  shunt  transformer  (because  of  the  very  low 
voltage) ;  or  else,  a  low-reading  hot-wire  ammeter  can  be  used  as  a  volt- 
meter, with  some  resistance  in  series  if  necessary.  If  the  primary  wind- 
ing of  the  transformer  is  accessible,  or  if  its  number  of  turns  can  be 
determined  in  some  other  way,  compare  the  ratio  of  voltages  with  the 
ratio  of  turns,  primary  and  secondary,  as  a  check. 

(2)  Measure  the  ratio  of  currents,  primary  and  secondary.  For  this 
purpose  the  secondary  must  be  short-circuited  through  a  known  low 
resistance,  wound  non-inductively  and  the  volts  drop  across  it  meas- 
ured, say  with  a  hot-wire  instrument,  calibrated  as  a  voltmeter.    This 
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permits  one  to  figure  out  the  secondary  current,  corresponding  to  a 
certain  primary  current,  in  other  words  the  current  ratio  of  the  trans- 
former. See  if  this  ratio  is  nearly  equal  to  the  inverse  ratio  of  the 
number  of  turns,  as  in  ordinary  transformers. 

(3)  Now  put  into  the  welder  two  pieces  to  be  joined  together,  and 
read  primary  volts  and  amperes,  and  secondary  volts  across  the  joint. 
From  the  test  (1),  secondary  induced  volts  are  known;  from  the  test 
(2),  secondary  amperes  can  be  calculated.  With  these  data  at  hand, 
both  the  efficiency  of  the  secondary  alone,  and  of  the  welder  as  a  whole, 
can  be  determined.  Volts  read  across  the  joint,  times  secondary 
amperes,  give  watts  developed  at  the  welding  place,  or  useful  watts. 
The  ratio  of  these  to  the  watts  input  gives  the  efficiency  of  the  trans- 
former. The  ratio  of  the  voltage  across  the  joint  to  the  voltage  induced 
in  the  secondary  gives  the  efficiency  of  the  secondary,  because  it  shows 
which  part  of  the  induced  voltage  is  available  for  welding. 

As  a  check,  the  student  should  measure  the  primary  resistance  by 
direct  current,  and  determine  the  iron  loss  by  the  wattmeter  method 
(Fig.  185).  Then,  knowing  the  primary  copper  loss  and  the  iron  loss, 
the  input  into  the  secondary  can  be  calculated.  Subtracting  from  it 
the  measured  output,  the  difference  gives  the  secondary  losses.  These 
losses  are  comparatively  high,  because  of  unfavorable  electrical  relations 
in  the  secondary  circuit,  and  also  on  account  of  a  comparatively  high 
contact  resistance  between  the  secondary  itself,  the  clamps,  and  the 
pieces  to  be  welded. 

No  particular  accuracy  is  expected  from  this  efficiency  test;  this, 
however,  does  not  diminish  its  value.  There  are  many  cases  in  practical 
engineering,  in  which  only  approximate  results  are  obtainable.  And 
yet  the  engineer  has  to  design,  build,  and  use  apparatus  on  this  uncer- 
tain foundation. 


CHAPTER  XXXIII. 

ELEMENTS   OF  TELEPHONY. 

724.  The  two  most  essential  parts  of  every  telephone  apparatus 
are  the  transmitter  and  the  receiver.  Their  construction  and  connections 
may  be  understood  from  the  general  scheme  illustrating  the  trans- 
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Fig.  521.     Diagram  illustrating  transmission  of  speech. 

mission  of  speech  (Fig.  521);  the  sketch  represents  two  subscriber 
stations  connected  by  a  line.  The  transmitter  (Fig.  522)  consists 
of  a  chamber  filled  with  granulated  carbon,  between  two  carbon  elec- 
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Fig.  522.     Telephone  transmitter. 

trades.  The  front  electrode  is  fastened  to  a  thin  metal  diaphragm; 
the  back  electrode  is  rigidly  fastened  to  a  metal  bridge.  The  trans- 
mitter circuit  is  closed  through  a  battery,  as  shown  in  Fig.  521.      When 
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a  person  is  speaking  into  the  mouthpiece  of  the  transmitter,  and  the 
sound  waves  strike  the  diaphragm,  it  is  set  in  corresponding  vibrations, 
and  periodically  compresses  and  releases  the  granulated  carbon  in  the 
chamber.  The  resistance  of  the  circuit  is  thus  varied,  and  corresponding 
rapid  variations  occur  in  the  current,  giving  the  effect  of  small  oscillating 
currents,  superimposed  upon  current  of  a  constant  value. 

These  oscillating  currents,  acting  through  the  induction  coils,  produce 
secondary  currents  which  are  sent  through  the  line  and  reach  the 
receiver  of  the  other  subscriber,  where  they  are  converted  back  into 
sound  waves.  The  receiver  (Fig.  521 )  consists  of  a  sheet-iron  diaphragm 
placed  near  the  poles  of  a  steel  magnet.  The  poles  are  surrounded  by 
coils  of  wire  through  which  pass  the  incoming  talking  currents.  These 
small  variable  currents  change  the  magnetism  in  the  pole-pieces  and 
cause  the  diaphragm  to   vibrate  accordingly,  thus  reproducing  the 
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"Fiq.  523.     Telephone  receiver  with  the  diaphragm  removed. 


sounds  spoken  at  the  sending  station.  A  typical  receiver  is  shown  in 
Fig.  523:  The  magnet  is  made  of  hardened  steel  so  as  to  retain  its  initial 
magnetism  permanently.  On  the  contrary,  the  polar  projections  are 
made  of  very  soft  iron,  in  order  to  respond  more  easily  to  small  changes 
in  magnetism. 

725.  Induction  Coil,  —  Oscillating  currents  produced  in  the  trans- 
mitter are  sent  to  the  line  through  the  so-called  induction  coil  (Fig.  521) . 
This  is  merely  a  static  transformer  the  purpose  of  which  is  (a)  to  raise 
the  voltage  of  the  "talking"  currents,  (b)  to  liberate  them  from  the 
direct-current  component.  The  purpose  of  raising  the  voltage  is  to 
effect  a  more  efficient  transmission  through  long  lines.  The  direct- 
current  is  "  sifted  out,"  because  it  is  useless  in  producing  sound  waves 
in  the  receiver,  and  should  be  confined  to  the  local  transmitter  circuit. 

A  typical  induction  coil  is  shown  in  Fig.  524:  It  has  a  primary  wind- 
ing consisting  of  comparatively  few  turns,  and  a  secondary  winding  of 
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many  turns  of  very  fine  wire.  The  windings  are  placed  in  inductive 
relation  one  to  another,  on  an  iron  core  made  up  of  fine  iron  wires,  to 
prevent  eddy  currents.  Such  an  induction  coil  differs  from  ordinary 
transformers,  used  in  connection  with  light  and  power  transmission, 
in  that  its  magnetic  circuit  is  open,  instead  of  being  closed  (compare 
Figs.  314  and  315).  A  closed  magnetic  circuit  is  not  needed  in  tele- 
phonic transmission,  on  account  of  very  low  magnetic  densities  used; 
it  would  be  rather  harmful,  increasing  hysteresis  loss  and  distorting  the 
speech. 

In  simple  house  telephones,  where  current  is  transmitted  only  a  short 
distance,  induction  coils  are  sometimes  omitted,  and  the  transmitters 
connected  directly  to  the  line. 


Primary  Col  U 


Secondary  Coil-^^ 

Fig.  624.    Induction  coil  for  telephone  work. 


726.  EXPERIMENT  33-A.  —  Adjusting  Transmitters  and  Re- 
ceivers.—  The  purpose  of  the  experiment  is  to  afford  familiarity  with 
the  construction  and  operation  of  the  two  most  imporntat  parts  of  tele- 
phone apparatus  —  receiver  and  transmitter  (§  724).  A  special  trans- 
mitter and  a  receiver  should  be  provided  for  this  purpose,  arranged  so  that 
they  can  be  easily  taken  apart,  for  study  and  adjustment.  The  trans- 
mitter is  adjusted  by  varying  the  amount  of  the  granulated  carbon,  the 
quality  of  carbon,  and  the  pressure  on  it.  In  addition  to  this,  the 
quality  of  speech  depends  on  the  magnitude  of  the  current  flowing 
through  the  instrument. 

The  receiver  is  adjusted  by  varying  the  distance  between  the  pole- 
pieces  and  the  diaphragm.  A  well-adjusted  receiver  should  be  used  for 
listening,  while  the  transmitter  is  being  adjusted,  and  vice  versa. 

Report.  Draw  sketches  showing  cross-sections  of  the  instruments  used 
for  study  and  adjustment.  Give  your  results  with  regard  to  the  adjust- 
ment of  the  devices,  and  the  factors  affecting  the  quality  of  speech. 

727.  Classification  of  Telephone  Installations. — Telephone  instal- 
lations differ  widely  in  the  number  of  subscribers  served,  and  in  the 
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distance  through  which  speech  is  to  be  transmitted.     The  following 
general  subdivision  indicates  the  principal  cases  met  with  in  practice. 

(1)  House,  and  intercommunicating  telephones,  used  in  residences, 
schools,  offices,  etc. :  Such  installations  contain  but  comparatively  few 
instruments,  and  these  are  connected  at  will  by  the  subscribers  them- 
selves, without  any  operator. 

(2)  Private  branch-exchanges,  .installed  in  large  offices,  factories, 
hotels,  etc.,  where  instruments  are  interconnected  by  an  operator,  and 
may  also  be  connected  for  conversation  with  the  city  and  long-distance 
telephone  systems. 

(3)  City  and  long-distance  telephone  systems,  covering  many  miles 
and  serving  possibly  hundreds  of  thousands  of  subscribers. 

Telephone  installations  may  also  be  divided  into  those  using  local 
batteries,  and  into  central-energy  telephones.  This  latter  distinction 
may  not  be  important  from  the  standpoint  of  the  subscriber,  but  it 
materially  affects  the  construction  and  the  connections  in  the  system. 
In  local-battery  telephones  the  current  necessary  for  operating  trans- 
mitters is  supplied  by  dry  or  wet  batteries  placed  in  each  telephone  set. 
In  systems  using  central  energy  the  exchange  is  provided  with  a  large 
storage  battery,  from  which  the  current  necessary  for  conversation  is 
supplied.  Further  distinction  between  these  two  systems  is  made 
clear  in  the  course  of  the  chapter. 

728.  Signaling.  —  In  addition  to  a  receiver  and  a  transmitter, 
each  telephone  set  must  be  provided  with  a  device  for  signaling  and 
being  signaled.  In  small  house-installations  ordinary  electric  bells 
with  push-buttons  are  used  for  the  purpose:  The  bell  is  either  connected 
to  the  transmitter  battery,  or,  if  the  distance  between  the  stations  is 
comparatively  great,  a  separate  battery  of  a  larger  number  of  cells  is 
used  for  signaling.  Battery  bells  cannot  be  used  for  signaling  over  any 
considerable  distance,  and  are  replaced  by  alternating-current  bells, 
or  so-called  ringers.  Current  for  these  ringers  is  supplied  by  special 
generators,  commonly  called  magnetos,  because  their  fields  are  supplied 
with  permanent  magnets  instead  of  electromagnets.  Such  a  magneto 
is  placed  in  the  exchange,  and  the  operator  uses  it  in  calling  up  sub- 
scribers. 

Calling  up  the  "  Central  "  is  done  in  different  ways  in  local-battery 
telephones  and  in  central-energy  telephones.  In  the  first  system,  each 
telephone  set  is  provided  with  a  small  magneto-generator.  By  turning 
the  crank  of  the  generator,  the  subscriber  sends  currents  through  the 
line  to  the  so-called  "drop  "  in  the  exchange.  The  drop  shutter  is 
released, displaying  the  subscriber's  number;  this  calls  to  the  operator's 
attention  that  the  subscriber  wishes  to  speak  to  her. 
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In  central-energy  systems  the  "central"  is  called  up  by  simply  taking 
the  receiver  off  the  hook.  This  closes  the  subscriber's  circuit  and  lights 
up  a  small  lamp,  whiph  calls  the  operator's  attention  to  the  fact  that 
a  connection  is  desired.  Further  details  in  regard  to  signaling  are 
explained  in  the  later  sections  of  the  chapter. 

729.  Ringer  and  Magneto.  — An  alternating-current  bell,  also  called 
a  ringer,  or  polarized  bell,  is  shown  in  Fig.  525  to  the  left.  It  consists 
of  a  permanent  magnet  NS,  one  of  whose  poles  is  periodically  strength- 
ened and  the  other  weakened,  and  vice  versa,  by  alternating  currents 
sent  from  the  magneto-generator,  shown  to  the  right.  This  unbalanc- 
ing of  forces  causes  a  soft-iron  armature  to  vibrate  periodically;  a 
hammer  attached  to  the  armature  strikes  alternately  two  gongs  and 
produces  the  ringing. 
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Fig.  625.     Magneto-generator  and  polarized  bell. 


The  generator,  shown  to  the  right,  is  a  two-pole  machine,  with  per- 
manent magnets,  and  a  shuttle-shaped  armature.  Magnetos  in  sub- 
scribers' sets  and  in  small  exchanges  are  hand  operated,  the  speed  being 
multiplied  through  gears:  In  large  exchanges,  ringing  generators  are 
usually  driven  by  electric  motors,  and  are  running  continuously;  the 
operator  merely  connects  the  generator  to  the  desired  subscriber's  line. 

One  detail  in  the  construction  of  magnetos  deserves  to  be  mentioned : 
A  magneto,  connected  across  a  telephone  line,  would  shunt  a  part  of  the 
talking  currents,  and  thus  lower  the  efficiency  of  speech  transmission. 
Therefore,  magnetos  are  provided  with  some  form  of  the  so-called 
"generator  cut-in,"  a  device  which  keeps  the  armature  circuit  open, 
except  when  the  crank  is  turned.  These  devices  are  based  either  on 
centrifugal  force;  or  else,  by  turning  the  crank,  the  shaft  is  moved 
longitudinally  and  the  contact  is  closed.  In  magnetos  connected  in 
series  with  the  line  the  armature  must  evidently  be  normally  short- 
circuited,  except  when  in  use.     The  devices  used  for  short-circuiting 
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the  armature  are  called  "magneto  shunts/'  and  are  based  on  the  same 
two  principles,  mentioned  above. 

730.  Magneto-Telephone  Connections.  —  Standard  connections  in 
subscribers'  sets,  with  local  battery  and  magneto  call,  are  shown  in  Fig. 
526.  The  battery  circuit  is  closed  only  when  the  receiver  is  off  the  hook: 
this  is  done  automatically  by  the  hook  itself,  which  is  therefore  called 
the  switch-hook.  It  is  shown  separately  in  Fig.  527:  when  the  receiver 
is  on  the  hook,  the  lower  contact,  connected  to  the  ringing  circuit,  is 


Fig.  526.    Connections  in  a  magneto  telephone  set. 

closed,  allowing  the  "central"  to  call  up  the  subscriber.  When  the 
receiver  is  off  the  hook,  the  ringing  circuit  is  open,  while  the  upper  con- 
tact, completing  the  battery  circuit,  is  closed.  With  the  connections 
according  to  Fig.  526,  two  contacts  must  be  closed,  when  the  receiver  is 
off  the  hook.  This  is  accomplished  by  adding  one  more  spring  and  an 
extra  contact  to  the  switch-hook  shown  in  Fig.  527. 
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Pivot 


Termlnals- 


Oontacta' 
Fig.  627.    Switch-hook 


The  ringer  is  sometimes  left  across  the  line  all  the  time,  in  order 
to  simplify  the  switch-hook  connections.  If  the  resistance  and  the 
inductance  of  the  ringer  are  sufficiently  high,  only  a  very  small  part  of 
the  high-frequency  talking  current  passes  through  it,  and  the  efficiency 
of  speech  transmissions  is  hardly  affected.  The  magneto-generator 
is  also  bridged  across  the  line,  but  its  circuit  is  always  open  by  the 
generator  cut-in,  except  when  the  subscriber  turns  the  crank  (§  729). 
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An  assembly  of  the  parts  shown  in  Fig.  526  is  illustrated  in  the  per- 
spective view  in  Fig.  528:  the  sketch  needs  no  further  explanation.  The 
ground  connection  shown,  is  used  in  selective  signaling  (§  745). 


TnuumUter 


Magneto-telephone  set. 


731.  EXPERIMENT  33-B.  —Connecting  Magneto-Telephones. 

—  The  student  is  given  the  separate  parts  shown  in  Fig.  528,  and  he 
is  expected  to  connect  them  up  as  in  Fig.  526,  with  possibly  slight 
changes,  and  to  obtain  satisfactory  signaling  and  talking. 

732.  House  Telephones  with  Battery  Call.  —  In  small  house- 
installations  the  magnetos  and  the  polarized  bells  may  be  omitted,  and 
ordinary  electric  bells,  operated  from  the  same  batteries  which  supply 
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current  to  the  transmitters  may  be  substituted.  The  student  can 
easily  plan  the  necessary  connections,  on  the  basis  of  Fig.  526,  by 
omitting  the  magneto  and  the  induction   coil. 

Three  conditions  must  be  fulfilled.  (1)  When  the  receiver  is  on  the 
hook,  the  talking  circuit  is  open,  and  the  bell  is  connected  to  the  line, 
so  that  the  subscriber  may  be  called  up.  (2)  When  the  subscriber 
presses  the  push-button,  leaving  the  receiver  on  the  hook,  his  battery  is 
connected  to  the  line,  in  order  to  ring  the  bell  of  the  other  station;  at  the 
same  time  his  bell  must  not  be  in  the  circuit.  (3)  When  the  receiver 
is  taken  off  the  hook,  the  transmitter,  the  battery,  and  the  receiver 
must  be  connected  in  series  across  the  line.  To  give  a  hint  as  to 
the  proper  connections,  it  may  be  mentioned  here  that  the  battery,  the 
transmitter  and  the  receiver  are  permanently  connected  in  series,  the 
circuit  being  open  at  the  upper  contact  of  the  switch-hook.  The  lower 
contact  of  the  switch-hook  is  connected  to  the  bell.  The  push-button 
normally  closes  the  bell  circuit,  but,  when  pressed  down,  it  opens  the 
bell  circuit,  and  closes  the  battery  across  the  line.  The  switch-hook 
itself  is  connected  directly  to  the  line.  With  these  instructions  the 
student  will  have  no  difficulty  in  designing  the  proper  connections. 

733.  EXPERIMENT  33-C.  —  Connecting  House-Telephones 
Provided  with  Battery  Call.  —  The  student  is  given  the  telephone 
parts  necessary  for  two  stations,  and  he  is  expected  to  connect 
them  up  and  to  obtain  satisfactory  talking  and  ringing.  It  is 
recommended  that  he  design  the  connections  before  coming  to  the 
laboratory,  on  the  basis  of  the  explanations  given  in  the  preceding 
article. 

734.  Intercommunicating  Telephones.  —  In  come  cases,  several 
telephones,  installed  in  a  building,  are  used  for  intercommunication 
without  being  connected  to  the  city  telephone  system.  WThen  the 
number  of  such  private  telephones  is  not  greater  than  20,  it  may  he 
preferable  to  run  20  wires  through  all  the  subscriber-sets  so  that  each 
subscriber  may  connect  his  telephone  with  any  of  the  remaining  nineteen 
subscribers,  without  a  central  switchboard  and  an  operator.  A  plan 
of  connections  is  shown  in  Fig.  529:  ordinary  magneto  telephones  are 
used,  or  battery-bell  telephones,  and  a  switch  is  provided  by  means  of 
which  each  subscriber  can  connect  his  telephone,  to  the  desired  sub- 
scriber, and  call  him  up.  Instead  of  using  two  wires  for  each  sub- 
scriber, only  one  wire  is  used,  the  connection  being  completed  through 
a  common  return  wire,  for  all  subscribers.  Thus,  with  n  subscribers, 
the  total  number  of  wires  needed  is  (n  +  1.)  Plugs  and  jacks  are  some- 
times used,  instead  of  button  contacts  and  levers. 
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It  will  be  noticed  that  the  numbering  of  subscribers  is  different  on 
different  sets:  The  contacts  on  set  No.  1  are:  1,  2,  3,  4;  those  on  the  set 
No.  2  are:  2,  1,  3,  4;  etc.  This  is  done  in  order  to  make  the  "home" 
position  the  first  on  the  dial;  this  makes  it  easier  for  the  subscriber  to 
return  the  lever  to  its  proper  position  after  he  is  through  talking.  Unless 
he  does  so,  his  telephone  is  disconnected  from  his  line-wire,  so  that  he 
cannot  be  called  up  by  any  other  subscriber. 

This  necessity  for  the  subscriber  to  remember  that  he  must  return  the 
lever  to  the  home  position,  is  one  of  the  troubles  encountered  in  the 
.  operation  of  intercommunicating  systems:  it  is  only  natural  to  hang  up 
the  receiver  and  to  forget  to  return  the  lever  to  the  proper  position. 
This  drawback  is  obviated  by  mechanically  connecting  the  selective 
lever  with  the  switch-hook,  so  that  hanging  up  the  receiver  automatic 
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cally  returns  the  lever  to  its  home  position.  In  one  of  the  best  systems 
of  this  kind,  invented  by  Mr.  Ness,  the  selective  lever  is  under  the 
influence  of  a  spring:  when  the  subscriber  hangs  up  his  receiver,  the 
spring  is  released,  and  the  lever  snaps  back  to  its  home  position.  In 
addition  to  this  automatic  feature,  the  Ness  system  has  some  other 
noteworthy  details,  which  are  described  in  the  next  article. 

735.  The  Ness  Intercommunicating  System.— The  electrical  con- 
nections are  shown  in  Fig.  530:  A  local  battery  is  used  for  talking  with 
each  set,  while  one  common  battery  is  provided  for  ringing.  The 
reason  for  this  is  that  when  the  telephones  are  scattered  over  a  consider- 
able distance,  more  cells  are  required  for  ringing  than  for  operating 
the  transmitters.  With  n  subscribers  the  total  number  of  wires  is 
(n  +  2),  there  being  one  common  talking  wire  and  an  extra  call  wire. 

In  the  position,  shown  in  Fig.  530,  subscriber  No.  1,  having  originated 
the  call,  is  supposed  to  be  in  conversation  with  subscriber  No.  2.  To 
call  up  subscriber  No.  2,  subscriber  No.  1  moves  the  selective  switch  L 
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to  the  position  2,  and  presses  the  button  on  the  end  of  the  switch.  By 
doing  so  he  sends  a  current  from  the  common  calling  battery  through 
the  call  wire  and  the  line  wire  2,  into  the  bell  of  subscriber  No.  2,  pro- 
vided that  the  receiver  of  subscriber  No.  2  is  on  the  hook.  Then,  after 
both  receivers  have  been  taken  off  the  hook,  the  bell  circuits  are  opened 
at  the  contacts  c,  shown  under  the  switch-hooks,  and  the  talking  cir- 
cuits are  closed  through  the  contacts  a,  fr,  above  them.  The  speech 
transmission  takes  place  through  the  wire  2  and  the  common  talking 
wire.     When  the  receiver  is  hung  up,  the  spring  returns  the  selective 
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Fig.  530.     Connections  in  Ness  intercommunicating  telephones. 


switch  L  to  its  home  position,  and  the  switch-hook  opens  the  talking 
circuit;  at  the  same  time  the  bell  is  connected  to  the  line,  making  the 
set  ready  for  the  next  call. 

It  will  be  noted  that  the  contacts  of  all  the  subscribers  in  this  system 
are  marked  in  the -same  order,  and  not  as  shown  in  Fig.  529.  This  is 
made  possible  by  providing  a  separate  "home"  contact  and  leaving 
blank  the  contact  corresponding  to  the  number  of  the  subscriber.  For 
instance,  on  set  No.  1  the  contact  1  is  left  blank,  on  set  No.  2  the  contact 
2  is  left  blank,  etc.  The  advantage  of  this  arrangement  is  that  all  the 
sets  are  interchangeable,  and  all  are  connected  to  the  lines  in  the  same 
way.  Such  an  arrangement  can  be  used  with  any  intercommunicating 
system,  whether  automatic  or  not. 

It  is  not  absolutely  necessary  with  intercommunicating  telephones 
to  have  the  battery  call:  The  magneto  call  may  be  used  if  desired,  leav- 
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ing  local  batteries  for  talking.  In  some  cases,  one  common  battery  is 
used  for  both  ringing  and  talking.  The  only  characteristic  feature  of 
intercommunicating  telephones  is  that  the  subscriber  is  enabled  to  make 
the  connections  himself,  without  calling  up  the  operator. 

736.  EXPERIMENT  33-D.  —  Connecting  Intercommunicating 
Telephone  Sets.  —  Connect  up  a  few  intercommunicating  sets,  follow- 
ing the  general  principles  outlined  above;  explicit  directions  and  blue- 
prints of  connections  usually  accompany  the  apparatus.  If  the  set  is 
intended  for  separate  transmitter  batteries  at  each  subscriber,  change 
the  connections  so  as  to  use  one  common  battery.  Also,  see  if  .the  con- 
nections could  be  changed  so  as  to  use  the  magneto  call,  instead  of  the 
battery  call.  Notice  what  occurs  when  a  subscriber  forgets  to  hang 
up  his  receiver;  also  when  two  subscribers  try  to  call  up  the  same 
subscriber,  or  when  a  third  subscriber  attempts  to  call  up  one  of  the 
subscribers  engaged  in  conversation. 

737.  Magneto-Telephone  Exchange.  — The  function  of  a  telephone 
exchange,  or  the  "central,"  as  it  is  commonly  called,  is  to  suitably  con- 
nect the  subscribers,  whose  lines  terminate  on  the  switchboard  of  the 
exchange.  The  two  wires  coming  from  each  subscriber  terminate  in  a 
contact  device,  called  the  "jack"  (Fig.  531).  A  "drop,"  shown  in 
same  figure,  and  placed  above  the  jack,  bears  the  subscriber's  number. 
The  drop  consists  of  an  electromagnet,  and  a  shutter  which  is  held  in  its 
position  by  a  soft-iron  armature.  By  following  the  connections  it  will 
be  seen  that  when  the  subscriber  sends  alternating  currents  through  the 
line,  by  turning  the  crank  of  his  magneto,  the  electromagnet  of  the 
drop  attracts  its  armature;  this  releases  the  shutter,  calling  the  operator's 
attention  that  a  connection  is  desired.  She  inserts  a  plug  (shown  to  the 
left)  into  the  jack  and  connects  her  telephone  to  the  subscriber's  line, 
uttering  the  familiar  "Number,  please."  Having  received  the  desired 
information,  she  inserts  another  plug,  connected  to  the  same  cord -circuit 
with  the  first  plug,  into  the  jack  of  the  subscriber  to  be  called  up;  then 
she  rings  his  bell  by  pressing  a  handle  which  connects  his  line  to  the 
exchange  generator.  At  the  end  of  the  conversation  the  subscribers 
are  supposed  to  give  one  or  two  short  rings,  as  a  signal  that  they  are 
through.  These  signals  operate  in  the  exchange  the  so-called  "clearing- 
out  "  drop:  as  soon  as  the  shutter  of  this  drop  is  released,  the  operator 
pulls  out  the  plugs  from  the  jacks,  disconnecting  the  subscribers. 

Following  this  general  description  of  the  devices  used  in  the 
exchange,  the  separate  7>arts  will  now  be  described  in  greater  detail. 

738.  Switchboard  Connections. —  The  jack,  Fig.  531,  is  a  double- 
pole  contact  in  which  a  subscriber's  line  is  terminated.     The  terminal 
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connecting  to  the  tip  of  the  plug  is  made  in  the  form  of  a  spring;  the 
other  contact  connecting  to  the  sleeve  of  the  plug  is  made  into  a  ring. 
The  winding  of  the  drop  is  connected  on  one  side  of  the  line,  on  the 
other  side  to  an  auxiliary  contact,  which  bears  on  the  spring  contact 
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Fn;.  531.     Jack,  drop,  and  plug,  in  a  magneto  switchboard. 

of  the  jack,  when  the  plug  is  not  in  the  jack.  Thus  the  drop  circuit  is 
normally  closed,  enabling  the  subscriber  to  call  up  the  operator.  When 
she  inserts  the  answering  plug  into  the  jack,  the  tip  of  the  plug  lifts 
the  spring  and  opens  the  drop  circuit.     At  the  same  time  a  connection 
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Fia.  582.     Connections  to  ringing  and  listening  key. 


is  established,  through  the  plug  and  the  cord,  between  the  line  and  a 
special  key  called  the  "ringing  and  listening  key"  (Fig.  532),  The 
left  side  of  this  key  is  connected  to  the  operator's  telephone  set,  while 
the  right  side  is  connected  to  the  ringing  generator  and  to  the  calling 
plug.    When  the  handle  of  the  key  is  in  the  central  position,  the 
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answering  plug  is  connected  directly  to  the  calling  plug  B.  This  is 
the  ordinary  position  during  the  conversation  of  two  subscribers.  By 
moving  the  handle  to  the  left  the  operator  connects  her  telephone  to 
the  cord  circuit:  this  is  called  the  "listening"  position.  The  handle 
is  in  this  position  when  asking  the  number  of  the  party  desired;  also 
when  listening  for  conversation,  if  the  operator  has  any  reason  to 
believe  that  the  parties  forgot  to  "ring  off." 

When  the  handle  is  turned  to  the  right,  or  the  "  ringing  "  position, 
the  calling  plug  is  disconnected  from  the  answering  plug  and  is  con- 
nected, instead,  to  the  generator  bus-bars.  This  position  is  used  for 
calling  up  a  subscriber  after  the  connection  has  been  completed. 


Fig.  688.     Part  of  a  magneto  switchboard  (Kellogg). 

The  clearing-out  drop  is  shown  on  top  of  the  sketch:  it  is  connected 
directly  across  the  cord  circuit  aa  and  is  thus  actuated  by  current 
impulses  sent  from  either  subscriber  at  the  end  of  the  conversation. 
It  is  not  necessary  to  have  as  many  pairs  of  plugs  as  there  are  pairs  of 
subscribers  connected  to  the  exchange,  because  it  never  happens  that 
all  the  subscribers  use  their  telephones  at  once.  Experience  shows, 
that  ten  cord-circuits  are  sufficient  for  each  hundred  subscribers  con- 
nected to  the  exchange:  this  permits  twenty  per  cent  of  the  subscribers 
to  be  connected  at  a  time.  This  number  is  never  exceeded  even  during 
the  busiest  hours  of  the  day. 

A  part  of  a  magneto  switchboard  is  shown  in  Fig.  533.  The  jacks 
and  the  drops  are  mounted  on  the  vertical  frame,  the  plugs  and  the 
ringing  and  listening  keys  on  the  shelf  before  it.  The  crank  of 
the  magneto  is  visible  in  the  lower  left-hand  corner  of  the  cut,  under 
the  table. 
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739.  BXPERI At ENT  33-E.  —Wiring  a  Magneto  Switchboard.  - 

An  experimental  switchboard  should  be  provided  in  the  laboratory, 
with  drops,  jacks,  listening  and  ringing  keys,  etc.,  so  arranged  that 
the  necessary  connections  can  be  easily  made  by  the  student.  A  few 
subscriber  sets  are  to  be  connected  to  the  switchboard,  and  the  practi- 
cal operation  of  the  system  studied.  The  explanations  given  in  articles 
724  to  738,  together  with  Figs.  521  to  533,  give  all  the  necessary  infor- 
mation for  performing  this  experiment. 

Report.  Make  sketches  of  actual  devices  used  on  the  switchboard; 
give  diagrams  of  connections  if  they  differ  from  those  given  above. 
Draw  in  detail  the  connections  of  the  operator's  set. 

CENTRAL-ENERGY  TELEPHONE  SYSTEM. 

740.  The  above-described  magneto  telephones  have  two  drawbacks: 

(1)  Batteries  in  substations  require  care  and  renewals. 

(2)  Calling  up  the  central  by  turning  the  crank  of  a  magneto  is  too 
much  trouble  for  a  busy  man. 
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Fig.  634.    Connections  in  a  central-battery  telephone  set. 

These  inconveniences  led  to  a  gradual  introduction  of  common- 
battery  or  central-energy  telephones;  practically  all  telephone  exchanges 
of  any  importance  are  now  equipped  according  to  this  system  (see 
also  §  728). 

One  of  the  simplest  schemes  of  connections  of  a  subscriber's  set,  in  a 
system  using  a  common  battery,  is  shown  in  Fig.  534:  When  the  receiver 
is  taken  off  the  hook,  the  line  circuit  is  closed,  and  the  battery  in  the 
exchange  supplies  the  subscriber's  transmitter  with  the  current  neces- 
sary for  talking.  The  incoming  alternating  currents  of  high  frequencies 
are  transmitted  to  the  receiver  through  the  induction  coil.  The  ringer 
is  connected  across  the  line  and  is  protected  by  a  condenser  from  the 
passage  of  direct  currents;  alternating  currents  for  ringing  pass  easily 
through  the  condenser  (§  127). 
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Another  scheme  of  connections  is  shown  in  Fig.  535:  It  differs  from 
the  previous  diagram  in  that  the  receiver  circuit  is  also  opened  when 
not  in  use,  and  is  protected  by  a  condenser  against  the  direct  current 
supplied  to  the  transmitter  circuit.  There  is  little  difference  between 
the  two  schemes:  both  are  simple  and  efficient,  and  both  are  widely 
used. 
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Fig  535.    Connections  in  a  central-battery  telephone  set 

741.  Battery  Connections. —  The  common  battery  in  the  exchange 
must  be  connected  so  as  to  supply  the  subscribers  with  direct  current 
for  the  transmitters,  and  at  the  same  time  offer  a  considerable  resist- 
ance to  the  passage  of  high-frequency  oscillating  currents,  which,  if 
they  found  an  easy  path  through  the  batteries,  would  be  lost  to  the 
receiving  station.  The  arrangements  used  for  separating  direct  cur- 
rent from  "talking  "  currents  are  based  either  on  the  action  of  induct- 
ance, or  on  that  of  capacity.  An  inductance  offers  an  easy  passage  to 
direct-currents,  but  effectively  prevents  the  passage  of  high-frequency 
oscillating  currents.  On  the  other  hand,  a  condenser  offers  an  infinite 
resistance  to  the  passage  of  direct  current,  at  the  same  time  offering  a 
comparatively  easy  path  for  high-frequency  alternating  currents. 
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Fig.  536.     Separation  of  talking  currents  from  battery  currents  by  means  of 
condensers  and  retardation  coils. 


One  application  of  these  principles  is  shown  in  Fig.  536:  Two  bat- 
teries are  provided  in  the  exchange,  one  for  the  "calling  "  side,  another 
for  the  "  answering  "  side  of  the  cord  circuits.  Condensers  are  inter- 
posed in  the  cord  circuits,  and  the  batteries  are  protected  by  so-called 
retardation  coils.    The  latter  are  ordinary  inductance  coils,  intended 
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to  prevent  talking  currents  from  passing  through  the  batteries.  With 
this  arrangement,  direct  current  flows  from  the  batteries  to  the  corre- 
sponding transmitters,  while  talking  currents  find  a  direct  path,  from 
the  line  A  to  the  line  B,  through  the  condensers. 

With  the  arrangement,  shown  in  Fig.  537,  the  same  result  is  accom- 
plished by  means  of  a  "split  repeating  coil."  Direct  current  from  the 
positive  terminal  of  the  battery  flows  to  the  point  m,  whence  it  is 
divided  into  the  line  A  and  the  line  B,  returning  to  the  negative  pole 
of  the  battery  through  the  point  n  of  the  split  repeating  coil.  Oscillat- 
ing currents  flowing  through  the  wires  of  the  two  subscribers  magnetize 
the  iron  core  of  the  coil  in  the  opposite  directions;  therefore,  the  coil 
exerts  no  "choking"  action  between  the  two  subscriber  stations. 
On  the  contrary,  oscillating  currents,  trying  to  flow  through  the  battery* 
magnetize  both  sides  of  the  coil  in  the  same  direction,  thus  creating  a 
high-reactance  path.  The  advantage  of  this  arrangement  is  that  only 
one  battery  is  used,  and  no  condensers  are  required. 
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Fig.  687.     Separation  of  talking  currents  from  battery  currents  by  means  of  a 
44  split "  repeating  coil. 

742.   Operations  Necessary  for  Connecting  Two  Subscribers.— 

The  action  of  a  common-battery  switchboard  may  be  understood  by 
referring  to  Fig.  538.  It  is  desired  that  the  student  should  first  under- 
stand the  operations  without  following  up  in  detail  the  actual  wiring 
connections.  When  the  subscriber  A  takes  his  receiver  off  the  hook, 
the  line  lamp  Lv  placed  over  his  jack,  lights  up,  calling  the  operator's 
attention  to  the  fact  that  a  connection  is  desired.  She  inserts  one  of 
her  answering  plugs  into  the  jack  A,  presses  the  listening  key  k  to  the 
left,  and  calls  for  the  number  desired.  The  number  being  given,  she 
inserts  the  calling  plug  of  the  same  cord  circuit  into  the  jack  of  the 
subscriber  B  to  be  called,  and  presses  the  key  to  the  right,  thereby 
ringing  the  bell  of  subscriber  B. 

As  soon  as  the  calling  plug  has  been  inserted  into  the  jack  B,  the 
supervisory  lamp  l2  lights  up,  and  remains  lighted  until  the  subscriber 
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B  takes  his  receiver  off  the  hook.  Now  the  two  subscribers  are  con- 
versing, and  all  the  switchboard  lamps,  belonging  to  these  subscribers, 
are  extinguished;  the  connection  is  indicated  by  the  inserted  plugs. 


4 


=   i 


o 


2 

to 


6 


i 


As  soon  as  one  of  the  subscribers  hangs  up  his  receiver  the  corre- 
sponding supervisory  lamp  lights  up;  when  both  supervisory  lamps 
it  and  l2  are  lighted  up,  the  operator  knows  that  both  receivers  have 
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been  hung  up.  She  pulls  out  the  plugs  and  thereby  disconnects 
the  subscribers.  If  for  any  reason  it  is  necessary  for  her  to  listen  for 
the  conversation,  she  may  do  so  by  pressing  her  listening  key  k  to  the 
left. 

743.  Common  Battery  Switchboard  Connections.  —  Having 
understood  the  operation  of  the  switchboard,  shown  in  Fig.  538,  the 
electrical  connections  may  be  followed  more  in  detail.  When  sub- 
scriber A  takes  his  receiver  off  the  hook  (Fig.  534),  the  current  from 
the  positive  pole  of  the  common  battery  flows  through  the  line  relay 
under  the  jack  A,  the  line,  and  his  apparatus  back  to  the  station,  and 
to  the  ground  gv  The  circuit  is  thus  completed  since  the  negative 
pole  of  the  battery  is  permanently  grounded.  The  relay  attracts  its 
armature  and  closes  the  circuit  of  the  line  lamp  Llf  whereupon  the 
lamp  lights  up  through  the  ground  connection  Gv  Inserting  the 
answering  plug  into  the  jack  A,  opens  the  relay  circuit  through 
the  auxiliary  springs,  shown  inside  of  the  main  contacts,  and  thus 
extinguishes  the  lamp. 

The  plugs  used  with  this  system  have  three  contacts,  instead  of  two, 
as  shown  in  Fig.  531.  These  three  contacts  are  referred  to  as  tip,  ring, 
and  sleeve.  Through  the  tip  and  the  ring  the  talking  circuit  is  com- 
pleted, while  the  sleeve  contact  merely  connects  the  supervisory  lamp 
lt  into  the  circuit.  The  battery  connections  for  talking  are  the  same 
as  shown  in  Fig.  537.  The  connections  to  the  listening  and  ringing  key 
are  similar  to  those  shown  in  Fig.  532,  and  need  not  be  repeated  here. 

The  supervisory  lamp  Zt  lights  up  between  the  positive  pole  of  the  bat- 
tery and  the  ground  gt;  its  circuit  is  opened  by  the  armature  of  the 
supervisory  relay  shown  above  the  lamp;  it  is  also  opened  when  the 
answering  plug  is  not  in  the  jack  A.  The  purpose  of  this  lamp  is  to 
indicate  to  the  operator  that  the  subscriber's  receiver  is.  on  the  hook; 
in  other  words,  that  he  is  not  using  his  telephone.  The  supervisory 
relay  is  inserted  in  the  main  talking  circuit  and  holds  the  lamp  circuit 
open  as  long  as  direct  current  is  flowing  through  the  line  A;  in  other 
words,  as  long  as  the  receiver  is  off  the  hook.  When  the  lamp  lights 
up  it  is  extinguished  again  by  pulling  the  answering  plug  out  of  the  jack, 
thereby  breaking  the  connection  to  the  ground,  through  the  sleeve 
contact. 

The  operator's  set  in  the  above-described  switchboard  consists  of  a 
receiver,  a  transmitter,  and  an  induction  coil.  The  receiver  and  the 
secondary  of  the  induction  coil  are  connected  in  series,  and  connected 
to  the  listening  key  through  a  condenser,  also  in  series.  This  con- 
denser protects  the  operator  from  getting  an  undue  click  in  her  receiver 
when  she  throws  the  listening  key  in.     The  operator's  transmitter  and 
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the  primary  of  the  induction  coil,  in  series  with  it,  are  all  the  time 
connected  across  the  main  battery,  through  a  suitable  resistance. 
The  transmitter  and  the  induction  coil  are  bridged  by  a  condenser,  in 
order  to  offer  an  easier  path  for  oscillating  currents. 

744.  EXPERIMENT  33-F.—  Wiring  a  Small  Common-Battery 
Switchboard.  — The  student  is  given  the  necessary  jacks,  lamps,  relays, 
cord  circuits,  etc.;  also  a  few  subscriber  sets,  and  an  operator's  tele- 
phone. The  experiment  consists  in  connecting  up  and  operating  the 
switchboard  as  described  in  previous  articles.  Having  obtained  a 
satisfactory  working  of  the  system,  try  to  determine  the  amount  of 
time  necessary  for  making  a  connection,  from  the  moment  when  the 
first  subscriber  takes  his  receiver  off  the  hook,  to  the  moment  when 
the  second  subscriber  answers  the  call. 

Report.  Give  rough  sketches  of  the  devices  used,  and  the  exact 
scheme  of  connections  employed  during  the  experiment,  at  least  where 
they  differ  from  Fig.  538.  Give  a  diagram  of  connections  of  the  opera- 
tor's set.    Mention  the  adjustments  of  relays,  etc.,  if  any. 

745.  Party  Lines.  —  In  many  cases  it  is  desirable  for  economic 
reasons  to  have  more  than  one  subscriber  connected  to  the  same  line. 
Such  lines  are  called  party  lines;  their  use  involves  some  additional 
problems  in  regard  to  signaling.  All  party-line  systems  used  can  be 
divided  into  non-selective  and  selective.  With  a  non-selective  system 
the  ringing  current  operates  the  bells  of  all  the  subscribers  connected 
to  the  same  line,  a  code  being  necessary  to  distinguish  between  the 
subscribers  (number  of  rings,  short  and  long  rings,  etc.).  In  selective 
systems,  only  the  bell  of  the  subscriber  wanted  rings,  leaving  the  other 
subscribers  on  the  same  line  entirely  unaware  of  the  call. 

In  the  most  common  of  the  selective  systems,  two  subscriber  sets 
are  connected  in  parallel  across  the  line,  but  the  ringer  of  one  of  the 
sets  is  connected  between  the  positive  line  and  the  ground,  while  the 
other  ringer  is  connected  between  the  negative  line  and  the  ground. 
The  ringing  generator  in  the  exchange  may  be  connected  at  will,  either 
between  the  positive  line  and  the  ground,  or  between  the  negative  line 
and  the  ground;  thus  only  one  bell  can  ring  at  a  time.  The  ground 
takes  no  part  in  the  talking  circuit,  the  main  current  flowing  as  usual 
between  the  positive  and  the  negative  lines.  Therefore,  when  one  of 
the  subscribers  is  talking,  the  other  party  connected  to  the  same  line 
can  listen  to  the  conversation.  There  is,  however,  very  little  likelihood 
of  this,  since  he  does  not  hear  the  call,  and  is  not  aware  of  the  conver- 
sation on  his  line.  The  technical  expression  for  this  is:  "talking 
metallic,  ringing  through  the  ground." 
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On  four-party  lines,  biased  ringers  are  used,  which  respond  to  either 
positive  or  negative  current-impulses  only.  Of  the  four  subscribers, 
bridged  across  the  same  line,  two  have  their  ringers  connected  between 
the  positive  line  and  the  ground,  one  ringer  being  biased  for  positive 
impulses,  the  other  for  negative  impulses.  The  other  two  ringers  are 
connected  between  the  negative  line  and  the  ground,  and  are  biased  for 
opposite  impulses.  The  generator  in  the  exchange  is  provided  with 
a  two-part  commutator  so  as  to  give  uni-directional  impulses.  In  this 
way  four  combinations  for  ringing  are  made  possible,  and  either  of  the 
four  subscribers  may  be  called  up,  without  disturbing  the  other  three. 

The  four  subscribers  connected  to  the  same  line  are  usually  marked 
in  the  telephone  directory  with  the  same  number,  with  a  distinguishing 
letter.    As,  for  instance: 

Subscriber  127-a  has  the  ringer  on  the  right  wire,  positively  biased. 

Subscriber  127-6  has  the  ringer  on  the  right  wire,  negatively  biased. 

Subscriber  127-a:  has  the  ringer  on  the  left  wire,  positively  biased. 

Subscriber  127-t/  has  the  ringer  on  the  left  wire,  negatively  biased. 

A  biased  ringer  has  the  same  construction  as  that  shown  in  Fig. 
525,  but  is  provided  with  a  spring,  which  normally  holds  the  armature 
against  one  of  the  pole-pieces.  Thus,  it  cannot  respond  to  the  current 
impulses  which  would  tend  to  bring  it  closer  to  this  pole,  while  it 
responds  to  the  opposite  impulses,  by  overcoming  the  tension  of  the 
spring. 

746.  EXPERIMENT  33-G.  —  Wiring  a  Party-Line  Switchboard. 

— Wire  up  and  operate  a  switchboard  arranged  for  two-party  lines,  and 
for  four-party  lines,  with  selective  signaling,  as  explained  in  the  previous 
article.  Note  that  condensers  cannot  be  used  in  series  with  the  bell, 
as  in  Figs.  534  and  535,  when  the  ringers  are  biased.  This  is  becaiuse 
a  condenser  transforms  a  uni-directional  current  into  alternating  cur- 
rent. This  brings  in  the  difficulty  that  the  line  circuit  is  closed  all  the 
time,  a  current  flowing  through  the  bells  and  the  ground.  To  prevent 
this  current  from  operating  the  line  relays  (Fig.  538),  the  resistance 
of  the  bells  is  made  sufficiently  high,  and  the  relays  are  made  compar- 
atively insensitive  (marginal  adjustment  of  relays). 

747.  Large  Telephone  Systems.  —  When  there  are  more  lines  in 
an  exchange  than  one  operator  can  handle,  more  switchboard  sections 
and  more  operators  are  added.  As  far  as  answering  a  call  is  concerned, 
the  operations  are  the  same  as  in  the  case  of  the  simple  switchboard, 
described  before.  Each  operator  is  assigned  a  certain  number  of  sub- 
scribers wrhose  calls  she  answers.  A  new  problem  arises  when  the 
subscriber  wanted  has  his  jack  on  another  section  of  the  switchboard, 
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outside  the  reach  of  the  operator.  This  is  taken  care  of  by  providing, 
within  the  reach  of  each  operator,  so-called  "  multiple "  jacks  of  all 
the  subscribers  connected  to  the  exchange.  Thus,  instead  of  using  a 
long  cord  circuit  for  the  answering  plug  and  inserting  it  into  the  prin- 
cipal jack,  the  operator  uses  a  multiple  jack  of  the  same  subscriber, 
which  she  finds  either  on  her  own  section  of  the  switchboard,  or  on 
one  of  the  adjacent  sections. 

The  use  of  several  jacks  in  multiple,  belonging  to  the  same  subscriber, 
brings  in  a  new  feature,  namely,  the  so-called  "busy  "  test.  Without 
multiple  jacks  the  operator  can  see  at  once  if  the  subscriber  wanted 
.is  already  connected  with  some  other  party;  but  with  multiple  jacks 
she  may  not  know  that  one  of  the  jacks  belonging  to  this  subscriber 
has  been  "  plugged  in"  by  another  operator,  perhaps  at  the  other  end 
of  the  room.  The  switchboard  connections  are  therefore  so  arranged, 
that  when  she  touches  the  nearest  part  of  the  jack  with  the  tip  of  the 
plug,  she  hears  a  click  in  her  receiver,  if  the  line  wanted  is  "busy." 
This  is  because  a  telephone  line  in  use  is  "alive  ":  hence,  making  a  new 
connection  brings  in  a  change  in  current  and  produces  the  above  click. 

With  very  large  telephone  systems  the  multiple  connections  become 
so  complicated  that  it  is  more  advantageous  to  use  two  or  more  sepa- 
rate exchanges,  interconnected  by  a  number  of  "trunk  lines."  The 
number  of  the  trunk  lines  must  be  sufficient  to  handle  the  traffic  during 
the  busiest  hours  of  the  day.  Dividing  one  exchange  into  several 
smaller  exchanges  has  also  the  advantage  that  the  subscribers'  lines 
become  shorter.  When  a  connection  is  desired  between  two  subscribers 
connected  to  the  same  exchange,  the  operations  are  the  same  as  with 
the  above-described  multiple  switchboard.  If  the  subscriber  wanted 
is  connected  to  another  exchange,  the  operator  merely  receives  the 
call  and  transmits  it  to  a  special  operator  in  the  other  office,  who 
completes  the  connection. 

Private-branch  exchanges  constitute  a  special  case  of  the  above 
scheme.  The  operator  of  the  private  branch  completes  the  connection 
between  subscribers  connected  to  the  branch.  When,  however,  a 
connection  is  desired  outside  of  the  branch,  she  transmits  the  call  to 
an  operator  of  the  main  exchange,  who  in  turn  completes  the  connec- 
tion, or,  if  necessary,  transmits  it  again  to  another  exchange. 

The  next  development  of  telephone  work  is  the  long-distance  trans- 
mission between  cities.  This  traffic  is  handled  by  special  operators, 
so-called  "toll"  or  long-distance  operators,  who  make  the  necessary 
connections.  General  features  of  connections  may  be  understood 
from  the  above  description  of  small  exchanges.  Special  details 
and    the    corresponding   laboratory   experiments    are   outside    of   the 
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scope  of  this  work,  which  does  not  claim  to  give  any  but  general 
information  about  telephone  practice.  Those  specially  interested  in 
telephony  are  referred  to  comprehensive  treatises  by  Kempster  B.  Miller. 
A.  V.  Abbot,  and  others. 

748.  EXPERIMENT  33-H.  Influence  of  Resistance,  Induc- 
tance and  Capacity  of  the  Line  on  Speech  Transmission.  —  Con- 
nect up  two  telephones,  to  operate  satisfactorily  as  regards  talking 
and  signaling;  gradually  increase  the  resistance  of  the  line,  until  the 
words  cannot  be  distinctly  heard.  Note  a  few  values  of  resistance  in 
the  line,  and  mark  the  corresponding  quality  of  speech  as:  excellent, 
good,  fairly  distinct,  hardly  intelligible,  poor,  etc.  Repeat  the  same 
experiment  with  inductance  in  the  line,  instead  of  the  resistance;  also 
with  a  combination  of  resistance  and  inductance  in  series. 

If  large  condensers  are  available,  they  may  be  connected  across  the 
line,  either  in  one  place  or  in  various  places,  in  combination  with  the 
resistance  in  the  line  itself.  This  will  show  the  effect  of  distributed 
and  concentrated  capacity,  which  sometimes  impairs  the  qualitv  of 
speech,  particularly  with  long  telephone  cables.  Having  appreciably 
affected  the  transmission  by  means  of  capacity,  connect  up  some  induc- 
tance in  series  with  the  line  so  as  to  counter-balance  the  effect  of 
capacity  by  producing  electric  resonance  (5  131).  The  use  of  induc- 
tance for  counteracting  the  capacity  effect  in  telephone  lines  has  been 
proposed  by  Prof.  Pupin;  telephone  lines  provided  with  distributed 
inductance  coils  are  now  known  as  "loaded  "  lines. 

Appreciable  disturbances  in  telephone  lines  are  caused  by  light  and 
power  transmission  lines  paralleling  them.  Magnetic  fields,  produced 
by  heavy  alternating  currents,  induce  secondary  currents  in  the  tele- 
phone lines;  this  impairs  the  quality  of  the  speech  and  sometimes  makes 
talking  practically  impossible.  String  a  power  line  in  the  laboratory. 
parallel  with  the  telephone  line,  and  observe  the  disturbances  pro- 
duced. First  use  alternating  currents  and  vary  their  strength,  fre- 
quency, the  distance  between  the  wires,  and  the  mutual  arrangement 
of  the  telephone  and  the  power  lines:  observe  in  each  case  the  effect  on 
the  transmission  of  speech.  Investigate  the  effect  of  transposition  of  the 
telephone  wires,  and  of  the  power  wires,  so  as  to  compensate  for  the 
effect  of  induction.  Try  this  in  particular  with  a  three-phase  line. 
Then  use  direct  current  in  the  power  line,  suddenly  vary  its  value,  and 
observe  clicks  and  sounds  produced  in  the  telephones.  Finally  use 
one  wire  as  a  common  return  (grround)  for  the  telephone  currents  and 
the  power  currents;  observe  the  effect  produced  on  the  quality  of 
speech. 
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The  above  combinations  are  those  met  with  in  practice,  and  are 
intended  to  illustrate  the  difficulties  with  which  telephone  engineers 
have  to  contend  in  the  operation  of  their  lines. 

Report  the  connections  used  in  the  experiment,  the  values  of  power 
current,  the  distance  between  the  wires,  with  other  factors,  and  the 
extent  to  which  they  were  found  to  affect  telephone  transmission. 
State  the  effect  of  resistance,  inductance,  and  capacity,  and  of  their 
combinations. 


CHAPTER  XXXIV. 
SAFETY  OF  ELECTRIC  PLANTS. 

749.  Electrical  machinery  and  wiring,  if  improperly  or  carelessly 
installed,  may  become  a  source  of  annoyance,  fire  hazard,  and  danger 
to  life.  In  order  to  minimize  the  chance  of  such  disturbances,  and  to 
make  electric  installations  reliable  and  safe,  a  code  of  rules  and  regula- 
tions was  drawn  up  in  1897,  by  the  united  efforts  of  fire  insurance 
companies  and  various  engineering  and  business  associations,  interested 
in  the  development  of  electrical  industry.  These  rules,  commonly 
known  as, the  "National  Electrical  Code,"  or  as  Fire  Underwriters' 
Rules,  are  at  present  recommended  and  adopted  by  the  following 
associations: 

American  Institute  of  Architects. 

American  Institute  of  Electrical  Engineers. 

American  Society  of  Mechanical  Engineers. 

American  Institute  of  Mining  Engineers. 

American  Street  Railway  Association. 

Associated  Factory  Mutual  Fire  Insurance  Companies. 

Association  of  Edison  Illuminating  Companies. 

International  Association  of  Fire  Engineers. 

International  Association  of  Municipal  Electricians. 

National  Board  of  Fire  Underwriters. 

National  Electric  Light  Association. 

National  Electrical  Contractors'  Association. 

Underwriters'  National  Electric  Association. 

The  rules  are  yearly  revised  by  the  delegates  of  the  above  associa- 
tions, so  as  to  be  up  to  date  with  the  progress  of  the  art.  They 
are  published  in  book  form,  and  may  also  be  found  reprinted  in 
various  pocket-books  and  text-books  (for  instance,  in  Foster's 
Pocket-book).  A  very  convenient  edition,  with  explanatory  notes 
and  examples,  is  that  of  the  Associated  Mutual  Fire  Insurance 
Companies. 

It  must  be  understood  that  these  rules  have  no  legal  power,  as  do  the 
corresponding  rules  in  some  countries;  but  being  adopted  by  practically 
all  the  insurance,  electrical,  mechanical,  architectural  and  allied  inter- 
ests of  the  country,  their  authority  is  acknowledged  by  all  reliable 
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manufacturers,  contractors  and  consulting  engineers,  who  strictly 
adhere  to  them.  Moreover,  it  is  difficult  at  present  to  insure  a  build- 
ing, unless  its  electrical  installation  is  put  up  in  accordance  with  the 
National  Electrical  Code,  or  some  similar  rules. 

In  all  contracts  for  electrical  work  it  is  advisable  to  introduce  a  clause 
to  the  effect,  that  all  work  must  be  done  strictly  in  accordance  with 
the  National  Electrical  Code,  and  that  no  fittings  shall  be  used,  not 
found  in  the  latest  edition  of  the  List  of  Approved  Fittings  (pub- 
lished semi-annually).  This  clause  insures  good  workmanship  and 
materials,  and  in  case  of  a  litigation  one  has  the  support  of  the  com- 
petent and  impartial  National  Board  of  Fire  Underwriters. 

750.  Subdivision  of  the  Rules.  —  The  general  plan  of  the  National 
Electrical  Code  is  as  follows: 

CLASS  A.  — STATIONS  AND  DYNAMO  ROOMS.  Includes  cen- 
tral stations;  generator,  motor  and  storage-battery  rooms;  transformer 
substations,  etc.    Rules  1  to  11. 

CLASS  B.  — OUTSIDE  WORK,  all  systems  and  voltages.  Rules 
12  to  13A. 

CLASS  C.  —  INSIDE  WORK :  — 
General  Rules,  all  systems  and  voltages.    Rules  14  to  17. 
Constant-Current  Systems.    Rules  18  to  20. 
Constant-Potential  Systems:  — 

General  Rules,  all  voltages.    Rules  21  to  23. 

Low-Potential  Systems,  550  volts  or  less.    Rules  24  to  34. 

High-Potential  Systems,  550  to  3500  volts.     Rules  35  to  37. 

Extra-High-Potential  Systems,  over  3500  volts.     Rules  38  and  39. 

CLASS  D.  — FITTINGS,  MATERIALS,  AND  DETAILS  OF  CON- 
STRUCTION, all  systems  and  voltages.     Rules  40  to  63. 

CLASS  E.  —  MISCELLANEOUS.    Rules  64  to  67. 

CLASS  F.  —  MARINE  WORK.    Rules  68  to  83. 

With  the  exception  of  the  Classes  E  and  F,  which  are  of  less  impor- 
tance for  general  work,  the  rest  of  the  rules  can  be  subdivided  in  two 
large  sections:  (1)  installations  (classes  A,  B  and  C),  and  (2)  fittings 
and  supplies  (class  D).  In  the  latter  class  rules  will  be  found  prescrib- 
ing details  of  construction  of  switches,  fuses,  lamp  sockets,  wire,  etc., 
per  se.  The  other  classes  contain  regulations  as  to  how  these  supplies 
must  be  installed,  and  which  types  are  permitted  in  various  cases. 

The  List  of  Approved  Electrical  Fittings,  published  semi-annually 
as  a  supplement  to  the  National  Electrical  Code,  contains  the  names 
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of  firms,  trade  marks,  types  and  styles  of  fittings,  manufactured  in 
accordance  with  the  Fire  Underwriters'  rules.  When  purchasing  or 
specifying  such  supplies,  it  is  not  necessary  to  compare  them  each  time 
with  the  National  Electrical  Code,  since  they  are  manufactured  in 
accordance  with  the  requirements  of  this  code. 

In  view  of  the  importance  of  the  National  Electrical  Code,  it  is  essen- 
tial for  every  electrical  engineer  to  become  familiar  at  least  with  the 
general  arrangement  of  the  rules,  and  with  their  principal  requirements. 
The  simplest  way  to  begin  this  work  is  to  go  over  an  electrical  installa- 
tion with  the  Underwriters'  rules  in  hand,  and  to  compare  different 
parts  of  the  installation  with  the  codes  as  though  assuming  the  duties 
of  a  fire-insurance  inspector. 

In  accordance  with  the  above  subdivision  of  the  rules,  the  laboratory 
exercises  are  also  divided  into  two  parts:  Inspection  of  supplies,  and 
inspection  of  installations. 

75 1 .  EXPERIMENT  34-A. — Inspection  of  Supplies. — This  work 
is  covered  by  CLASS  D  of  the  National  Electrical  Code.  The  following 
are  the  supplies  most  used,  and  on  the  quality  of  which  the  safety  and 
the  reliability  of  service  essentially  depend:  Insulated  wire  and  cables, 
conduits,  cleats  and  knobs  (for  supporting  wire),  switches,  cut-outs 
and  fuses,  cut-out  cabinets,  rosettes  and  lamp  sockets.  Samples  of 
these  supplies  should  be  provided  in  the  laboratory,  and  the  students 
are  to  inspect  as  many  of  them  as  time  will  permit.  The  inspection 
consists  in  taking  a  device  apart,  or  at  least  opening  it  if  necessary,  and 
in  comparing  the  details  of  its  construction  and  the  materials  used,  with 
those  specified  in  the  corresponding  section  of  the  Underwriters'  rules. 

If  the  device  only  partly  satisfies  these  rules,  state  which  rule  is  not 
complied  with,  and  suggest  the  changes  necessary  to  make  it  "ap- 
proved." Suppose,  for  instance,  that  you  have  to  decide  about  a  switch: 
you  will  find  in  the  Code  rule  51  relating  to  switches.  Sections  a  and 
b  of  this  rule  refer  to  all  types  of  switches,  and  it  must  first  be  decided, 
whether  the  particular  switch  satisfies  the  conditions  specified  there. 
Then,  if  it  is  a  knife-switch,  further  requirements  will  be  found  under 
the  sections  c  to  k;  if  it  is  a  snap  switch,  the  rules  I  to  t  apply  to  it.  For 
knife-switches  you  will  find,  that  they  must  be  mounted  on  non-com- 
bustible bases,  that  the  hinges  must  be  provided  with  spring  washers 
in  order  to  insure  good  contact,  that  the  separation  between  the  parts 
of  opposite  polarity  must  be  not  less  than  a  certain  limit,  etc.  See  if 
all  these  requirements  are  fulfilled  in  the  switch  under  inspection,  and 
if  not,  state  whether  in  your  opinion  the  switch  should  be  absolutely 
condemned,  or  if  it  could  be  used  after  certain  changes. 
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Report  your  conclusions,  referring  to  the  rules  by  number  (for  instance, 
51m),  and  give  free-hand  sketches  suggesting  some  changes  in  the 
devices  inspected. 

752.   EXPERIMENT  34-B.  —  Inspection  of  Installations.  — The 

work  consists  in  inspecting  some  actual  wiring  and  installed  machinery, 
and  in  comparing  the  installation  with  the  requirements  of  the  National 
Electrical  Code.    The  following  classes  apply  here: 

A.  Stations  and  Dynamo  Rooms. 

B.  Outside  work. 

C.  Inside  wiring. 

In  order  to  perform  the  work  intelligently  and  with  safety,  the  gen- 
eral layout  of  the  plant  must  be  known,  at  least  in  its  general  features, 
such  as  source  of  power,  the  places  of  the  main  connections  and  cut-outs, 
voltage  of  the  supply,  etc. 

The  rules  covering  installations  are  too  numerous  to  be  learned  in  a 
few  laboratory  exercises;  moreover,  they  are  not  all  of  the  same  impor- 
tance. It  is  desired  that  the  student  should  first  get  experience  in  the 
most  important  requirements  of  the  National  Electrical  Code,  namely, 
those  relating  to: 

Generators  (Rule  1); 

Switchboards  (Rule  3); 

Motors  (Rule  8); 

Transformers  (Rules  11  and  13); 

Outside  wiring  (Rules  12a  to  12h); 

Inside  wiring  (Rules  14  to  17;  21;  24  to  28); 

Arc  lamps  (Rule  29). 

During  the  inspection  of  wiring  be  sure  not  to  come  in  contact  with 
live  high-tension  wires;  also  do  not  use  screwdrivers,  wrenches,  etc.. 
which  may  cause  a  short-circuit.  Above  all,  do  not  open  or  close  any 
switches,  without  permission  from  the  proper  authorities. 

As  this  work  of  inspection  does  not  require  the  use  of  any  apparatus 
or  current,  part  of  the  inspection  can  be  done  outside  of  the  regular 
laboratory  time.  It  is  most  earnestly  recommended,  that  the  student 
spend  as  much  time  as  possible  in  inspecting  the  available  installations, 
with  the  National  Electrical  Code  in  hand.  This  will  give  him  one  of 
those  most  valuable  experiences,  which  no  books  can  supply,  and  which 
enables  a  man  to  distinguish  good  workmanship  from  a  "cheap  job." 

Report.  State  what  machines  and  wiring  have  been  inspected,  and 
which  rules  found  to  be  complied  with.  Where  you  think  the  installa- 
tion is  not  in  accordance  with  the  National  Electrical  Code,  state  so, 
referring  to  the  rule  number,  and  suggest  the  necessary  changes. 
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Air-brakes: 

automatic,  737. 

motorman's  valve,  799. 

straight-air,  734. 

triple  valve,  740. 
Air-gap: 

flux  distribution  in,  184. 

influence  on  magnetisation  curve,  171. 
Absolute  electro-dynamometer,  84. 
Acceleration     and    retardation     tests    of 

cars,  728,  731. 
Acceleration  limit  on  car  controllers,  721. 
Air-box  test  of  alternators,  510. 
Alternating-current    plants,    storage   bat- 
teries in,  669. 
Alternating-current  switchboards,  676. 
Alternating-current  wave  form,  614. 
Alternators  and  synchronous  motors:  482. 

commercial  tests,  509. 

efficiency,  509. 

in  parallel,  492. 

load  characteristics,  484. 

maintaining  constant  voltage  on,  489. 

no-load  characteristics,  483. 

performance  curves,  486. 

references  to  literature  on,  530. 

temperature  rise,  515. 

voltage  drop,  484,  485,  486. 

voltage  regulation,  484,  518. 
Ammeters  and  voltmeters: 

calibration  of  A.  C,  67. 

calibrating    with    milli-voltmeter    and 
shunt,  65. 

calibrating  with  potentiometer,  82. 

commercial  types,  35. 

construction  and  operation,  34 

deflection  on  alternating  current,  36. 

electro-dynamometer,  42. 

friction  in  pivots  of,  42. 

hot-wire,  45. 

induction,  47. 

moving  coil,  38. 

plunger  type,  35. 

range  of,  675. 

recording,  63. 

requirements  of  good,  52. 

shunts,  40.  | 
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Ammeters  and  voltmeters  —  continued. 
soft  iron  core,  35. 
study  of,  53. 

Thompson  inclined-coil,  36. 
Ampere  balance,  82. 
Ampere  feet,  315. 

Ampere-turns  and  flux  density,  173. 
Amplitude  of  harmonics,  628. 
Analysis  of  core-loss  curves,  227. 
Analysis  of  wave  forms,  626. 
Analyzing  tables,  629. 
Apparent  reluctance,  526. 
Arc  lamps: 

distribution  of  light  about,  269. 
integrating  photometers  for,  271. 
operation  of  multiple,  259. 
photometry  of,  268. 

regulating  mechanism  of  multiple,  257. 
regulating  mechanism  of  series,  260. 
types  of,  257. 
Armature  reaction,  effect  on  iron  loss,  405. 
Armature    reaction,    effect    on    magnetio 

leakage,  176. 
Armature  windings: 
A.  C.  windings,  592. 

bar-winding  and  coil-winding,  594. 
chain-winding,  597. 
double-layer  winding,  599. 
experimental  frame  for,  594. 
form  of  induced  e.m.f.  in,  595. 
parallel  connection  of  coils,  600. 
series  connection  of  coils,  600. 
Direct-current  windings,  601. 
barrel  winding,  604. 
double-layer  bipolar,  603. 
evolute  winding,  604. 
fractional-pitch,  609. 
multiple,  606. 
multipolar,  605. 
series  winding,  611. 
single-layer  bipolar,  601. 
tables  of  connections,  608. 
use  of  an  idle  coil,  612. 
Armatures: 

heating  with  direct  current,  516. 
measuring  resistance  of  D.  C,  11. 
troubles  in,  381. 
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Auto-starter,  660. 

Auto-transformer,  426. 

Automatic  elevator  controller,  708. 

Automatic  air-brake,  737. 

Auxiliary  phase  in  induction  motors,  566. 

Balance,  ampere,  82. 

Balance,  magnetic,  196. 

Balance,  torque,  112. 

Balancer  sets,  366. 

Ballistic  galvanometer,  calibration  of,  207. 

Ballistic  galvanometer,  theory  of,  206. 

Ballistic  method  of  measuring  flux,  108. 

Bar  windings,  694,  696. 

Batteries,  636. 

dry,  638. 

Edison,  638. 

electromotive  force  of,  639. 

gravity  cell,  637. 

Internal  resistance,  640. 

LeClanche  cells,  637. 

polarization  and  recovery,  641. 

primary,  637. 

storage,  643. 

testing,  639. 
Battery  boosters,  660. 
Behrend's  split-field  test,  512. 
Bianchi  slip  meter,  669. 
Bismuth  spiral,  213. 
Blackening     of     bulbs     in     incandescent 

lamps,  243. 
Blondel  hysteresimeter,  219. 
Blondel  integrating  photometer,  272. 
Blondel 's  opposition  method,  412. 
Blow-out  coils,  718. 
Bond  tester,  Conant,  23. 
Bond  tester,  Roller,  21. 
Bonds,  testing  rail,  21,  23. 
Boosters,  660. 

carbon-pile  regulator,  662. 

differential,  661. 

regulation  by  counter-e.m.f.,  664. 

relay-operated  regulator,  668. 

v  i  brat  ing-con  tact  regulator,  667. 
Brake,  Prony,  366. 
Brake  tests: 

induction  motor,  661,  669.  \ 

series  motor,  370. 

shunt  motor,  369. 

synchronous  motor,  601. 
Brakes,  magnetic,  719. 

air,  734. 
Branched  transmission  lines.  298. 
Bridge    connection    in    car    controllers, 

715. 
Bridge,  Hoopes'  conductivity,  31. 
Bunsen  sight-box,  237. 
Bus-bars,  675. 

Cables,  testing  insulation  of,  324. 
Cadmium  tester,  651. 


Calibration : 

A.  C.  ammeters  with  D.  C.  —  A.  C.  stand- 
ards, 67. 

A.  C.  voltmeters,  69. 

ammeters  and  voltmeters,  64. 

ammeter*  with  potentiometer  and  stand- 
ard resistance,  82. 

D.  C.  ammeters,  65. 

D.  C.  voltmeters,  68,  81. 

ground  detectors,  322. 

indicating  wattmeters,  94,  104. 
Candle-power,  mean  horizontal,  239. 
Candle-power,  mean  spherical,  248. 
Capacity,  electrostatic,  139. 

and  inductance  in  series,  162. 

and  inductance  in  parallel,  157. 

and  resistance  in  paral|§l,  163. 

comparing,  145-150. 

factors  affecting,  141. 

in  A.  C.  circuits,  160. 

influence  in  transmission  lines,  306. 

in  practice,  140. 

reactance,  152. 

unit  of,  139. 
Capacity  or  storage  batteries,  648. 
Carbon-pile  booster  regulator,  662. 
Carey-Foster  method,  16. 
Carhart~Clark  cell,  72. 
Car  tests,  728. 

acceleration  and  retardation,  731. 

apparatus,  729. 

determination  of  schedules,  733. 

performance  curves,  730. 
Cells,  standard,  71. 

Central-energy  telephone  systems,  767. 
Chain  winding,  597. 
Characteristics:  • 

excitation,  of  alternators,  489. 

excitation,  of  shunt  generators;  340. 

load,  of  alternators,  483. 

no-load,  of  alternators,  483. 

no-load,  of  shunt  generator,  335. 

of  induction  motors,  579,  680. 

of  storage  batteries,  642,  650. 

voltage,  of  alternators,  487. 
Charging  storage  batteries,  665. 
Checking  potentiometer  resistances,  77. 
Circle  diagram  for  induction  motors,  571, 

576,  581,  583. 
Circuit  breakers,  675. 
Circular  mil,  4. 
Clark  standard  cell,  71. 
Coil  winding,  594. 

Color,  effect  on  photometry  of  lamps,  247. 
Color  of  illuminants,  290. 
Combination  volt-ammeters,  55. 
Commercial     tests     of     alternators'   and 

synchronous  motors,  509. 
Commercial  tests  on  transformers,  434. 
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Common     battery    switchboard    connec- 
tions, 770. 
Commutator  troubles,  381. 
Commutator      type      integrating      watt- 
meters, 101. 
Comparator,  69. 
Comparing  resistances  with  potentiometer, 

82. 
Compensated  motors,  377. 
Compensation  for  friction  of  meters,  103. 
Compensation   for   power    in   wattmeters, 

90. 
Compounding  rotary  converters,  541. 
Compound  windings,  340. 
Compound-wound  motors,  371. 
Conant  bond  tester,  23. 
Condensers: 

construction  of,  141. 
factors  affecting  capacity  of,  141. 
in  A.  C.  circuits,  151. 
in  series  and  in  parallel,  143. 
Conductance,  9. 
Conductivity  bridge,  31. 
Conductors,  size    of,  in    polpyhase    lines, 

475. 
Constant    current,   means    for    maintain- 
ing, 263. 
Constant-current  transformer,  265. 
Constant  power   over  transmission   lines, 

303. 
Control   and    operation    of    storage    bat- 
teries, 653. 
Controllers  and  regulators,  683. 
connections  in,  697. 
crane,  693. 
drum-type,  694. 
electric  car,  710. 
elevator,  700. 
experimental,  699. 
field  control,  691. 
motor  speed  regulator,  692. 
Controllers,  electric  car: 
acceleration  limit,  721. 
blow-out  coil,  718. 
change  from  series  to  parallel,  714. 
cut-out  switches,  717. 
diagram  of  connections,  716. 
drum-type,  710. 
magnetic  brake,  719. 
multiple-unit  control,  722. 
reversing,  717. 
shunting  the  fields,  719. 
starting  connections,  712. 
Cooking  utensils,  electric,  746. 
Cooling  curves,  439. 
Cooling  curves,  equations  of,  442. 
Copper,   minimum   in   transmission   lines, 

300. 
Core  loss,  391. 


Core  loss,  measurement  of,  215,  218,  223. 

Core-type  transformers,  420. 

Counter-e.m.f.  booster  regulator,  664. 

Crane  controllers,  693. 

Cumulative  compounding,  371. 

Current  ratio  in  rotary  converters,  538. 

Current  ratio  in  transformers,  421 . 

Cut-out  switches,  717. 

Dampers  in  rotary  converters,  544. 

Dampers  in  synchronous  machines,  505. 

D.  C.  ammeters,  calibration  of,  65. 

D.  C.  switchboards,  670. 

D.  C.  voltmeters,  calibration  of,  68. 

Dead  lines,  insulation  measurements  on, 

323. 
Decade  arrangement  of  coils,  24. 
Delta  connection,  468. 
Dielectrics,  disruptive  strength  of,  430. 
Differential  boosters,  661. 
Direct-current  machinery: 
magnetic  field  in,  178. 
opposition  runs  on,  409. 
troubles  in,  380. 
Efficiency  and  losses,  384. 

core  loss  and  mechanical  losses,  391. 
direct  and  indirect  methods  for  deter- 
mining, 384. 
losses  by  retardation  method,  398. 
machine  driven  electrically,  388. 
machine  driven  mechanically,  389. 
separation  of  losses,  390. 
Operating  features,  333. 
compound  windings,  340. 
excitation  characteristics,  340. 
no-load  characteristics,  335. 
operation  in  parallel,  347,  353. 
Disruptive  strength  of  dielectrics,  430. 
Distributing  lines,  314. 

drop  in,  with  distributed  load,  315. 
experimental,  316. 
fed  from  both  ends,  318. 
fed  from  one  end,  317. 
insulation  measurements,  3£0. 
location  of  faults,  320. 
Distribution  of  light,  249. 
Double-layer  armature  windings,  599. 
Dry  batteries,  638. 
Drysdale  permeameter,  204. 
Du  Bois  magnetic  balance,  196. 
Duddell  oscillograph,  621,  623. 
Duddell  thermo-galvanometer,  70. 
Dynamometer,  transmission,  368. 
Eddy  currents: 

methods  of  measuring  loss,  217. 
physical  nature  of,  216. 
Edison  primary  battery,  638. 
Efficiency : 

of  alternators  and  synchronous  motors, 
509. 
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Efficiency  — continued. 

of  D.  G.  machines,  384,  386. 

of  aeries  motors,  407. 

of  transformers,  434. 

of  machine  driven  electrically,  388. 

of  machine  driven  mechanically,  389. 

methods  of  determining,  384. 
Electric  batteries,  636. 
Electric  heating  and  welding,  743. 
Electro-dynamometer,  absolute,  84. 
Electro-dynamometer    type    instruments, 

42. 
Electromagnets,  184. 
Electrostatic  capacity,  139. 
Electrostatic  voltmeters,  49. 
Elevator  controllers,  700. 

automatic,  708. 

mechanically  operated,  702. 

non-automatic,  704. 
E.  M.  F.,  form  of  induced,  595. 
E.  M.  F.  of  batteries,  639. 
End  cell  switches,  626. 
Epstein  core-loss  tester,  323. 
Equaliser,  action  of,  352. 
Eeterline  permeameter,  211. 
Evershed  ohmmeter,  324. 
Ewing:  double-bar  method,  201. 

magnetic  tester,  218. 

permeability  bridge,'  212. 
Exchange,  telephone,  763. 
Excitation  and  power  factor  of  synchro- 
nous motors,  502. 
Experimental  armature  frame,  594. 
Experimental  controller,  699. 
Experimental  lines,  316. 
Exploring  wires,  7. 

Extrapolation  of  heating  curves,  438, 443. 
Faults,  measurement  and  location  of,  320. 
Field  control,  691. 
Field  rheostats,'  capacity  of,  675. 
Fields  of  direct-current  machines,  178. 

troubles  in,  380. 

variation  of  speed  with  varying  field, 
363. 
Flatiron,  electric,  745,  748. 
Flicker  photometer,  245. 
Floating  batteries,  658,  659. 
Flux,  magnetic,  166. 

density  and  ampere  turns,  173. 

density  and  voltage,  223. 

distribution  of,  in  air-gaps,  182. 

in  air,  192. 

maps  of  stray,  178. 

total,  in  armature  and  field,  179. 
Fluxmeter,  Grassot,  168. 
Foot-candle,  279. 
Fort  Wayne  arc  lamp,  259. 
Four-wire  system,  360. 
Frequency  meters,  505. 


Frequency  meters — continued. 

resonance  or  vibrating-reed,  506. 

split  phase,  506. 
Friction,    compensation    for,    in    meters, 

103. 
Friction  in  meter  pivots,  42. 
Galvanometer,  ballistic: 

calibration  of,  207 

theory  of,  205. 
Graphico-analytical   separation    of  losses, 

404, 
Grassot  fluxmeter,  168. 
Gravity  cells,  637. 
Ground  detectors: 

calibration  of,  322. 

lamps  and  voltmeters  as,  321. 

static,  320. 

three-phase,  321. 
Harmonics,  expression  for,  628. 
Heat  generated  by  alternating  current,  47. 
Heating  and  cooling  curves: 

equations  of,  443. 

extrapolation  of,  438,  443. 

of  transformers,  438. 
Heating,  electric,  743. 

conversion  of  watts  to  heat  units,  745. 

devices  for,  743. 

forms  of  elements,  745. 

utensils,  testing,  746,  747,  748. 
Heat  run  on  alternators,  515,  517. 
Heat  run  on  transformers,  440. 
Hemispherical  intensity,  254. 
Hobart  and  Punga,  temperature  test  en 

alternators,  516. 
Holden-Esterline  core-loss  meter,  221. 
Holophane  globes  and  reflectors,  277. 
Hoopes'  conductivity  bridge,  31. 
Hopkinson  method  of  testing  alternators, 

415. 
Hot-wire  instruments,  45. 
Hunting  of  alternators  and  synchronous 

motors,  504. 
Hunting  of  rotary  converters,  543. 
Hutchison  method  of  testing  alternators, 

416,  417. 
HyBteresimeter,  Blondel,  219. 
Hysteresis: 

and  eddy  current  losses,  217. 

loop,  191. 

loss  from  B-H  loop,  230. 

measurement    of    loss    by    mechanical 
torque  method,  218. 

measurement    of    loss    by    wattmeter 
method,  223. 

physical  nature  of,  215. 
Idle  coil  in  armature  windings,  612. 
Impedance,  123. 
Impedances  in  parallel,  132,  134. 
Impedances  in  series,  129,  132. 
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Inaccuracy  of   wattmeters  at  low  power 

factors,  92. 
Incandescent  lamps: 

blackening  of  bulbs,  243. 
life  and  efficiency  of,  341. 
photometry  of,  233. 
tungsten  lamps,  242. 
Indicating  wattmeters,  87  (see  wattmeters). 
Induced  e.m.f.,  form  of,  595. 
Inductance: 

and  reactance,  117. 
and  resistance,  117. 
in  transmission  lines,  304. 
measuring,  with  Wheatstone  bridge,  138. 
physical  conception  of,  116. 
unit  of,  117. 
Induction  coil  for  telephones,  754. 
Induction  localizers,  331. 
Induction  motors,  546. 
brake  test  of,  561. 
data  sheets  for  tests,  560. 
losses  in,  561. 

measuring  frequency  and  speed,  555. 
measuring  input  to,  554. 
performance  from  losses,  563. 
performance  tests,  553. 
revolving^magnetio  field  in,  546,  585. 
slip,  549. 

speed  control,  551. 
starting  devices,  549. 
stator  and  rotor,  547. 
stroboscopio  slip  meters,  555. 
three-phase  motors  on  single-phase  cir- 
cuits, 566. 
Induction  motors,  special  study,  570. 
circle  diagram,  571. 
constructing  circle  diagram,  576. 
exploring   field   with   direct    current, 

589. 
losses,    graphical     representation    of, 

572. 
no-load  characteristics,  579. 
output  and  torque,  573. 
proof  of  circle  diagram,  581,  583. 
resistance  of  windings,  578. 
study  of  revolving  magnetic  field,  585. 
Single-phase  induction  motors,  564. 
action  of,  564. 
auxiliary  phase  in,  565. 
brake  test,  569. 
exploring  field  of,  591. 
magnetic  field  in,  590. 
performance  of,  from  losses,  569. 
predetermination  of  performance,  584. 
starting,  568. 

starting  as  repulsion  motor,  567. 
Induction,  mutual,  136. 
Induction-type  instruments,  47,  113. 
Induction-type  wattmeters,  95. 


Influence  of  globes,  shades  and  reflectors 

on  distribution  of  light,  279. 
Instantaneous  speeds,  measuring,  398. 
Insulation  measurements,  320. 

on  dead  lines,  323. 

on  live  lines,  325. 

on  low-tension  lines,  328. 

transformer  for,  428. 
Integrating  photometers: 

for  arc  lamps,  271 

for  incandescent  lamps,  251. 
Integrating  wattmeters,  99. 
Interior  illumination,  274. 

calculation  of,  280. 

curves  of,  281. 

effect  of  color  of  Uluminant,  290. 

measurement  of,  283. 

units  of,  279. 

use  of    reflectors,   shades    and    globes, 
274. 
Intermediate  standards,  67. 
Interpoles,  375. 

Iron,  effect  of,  in  reactance  coils,  122. 
Iron  loss  by  wattmeter  method,  230. 
Iron,  saturation  in,  170. 
Kapp's  diagram,  311,  449,  529. 
Kelvin  balance,  83. 
Kelvin  double  bridge,  29. 
Kelvin  multicellular  voltmeter,  50. 
Kintner  electrostatic  voltmeter,  50. 
Koepsel  permeameter,  208. 
Kohlrausch  bridge,  19. 
Lamps:  influence  of  blacking  of  bulb,  243. 

life  and  efficiency  of  incandescent,  241. 

photometry  of,  233,  268. 

standard,  238. 
Leakage  coefficient,  181. 
Leakage,  magnetic,  174. 
Le  Clanchd  cells,  637. 
Leeds  &  Northrup  comparator,  69. 
Leeds  &  Northrup  potentiometer,  75. 
Life  of  primary  batteries,  642. 
Lifting  electromagnets,  184. 
Lincoln  motor,  376. 
Line-drop  compensators,  307. 
Lines,  transmission,  292. 
Localizers,  induction,  331. 
Losses  in  direct-current  machines,  385. 

core  loss  and  mechanical,  391. 

hysteresis  and  eddy  currents,  403. 

in  series  motors,  406. 

Separation  of  losses: 

machine  driven  electrically,  393. 
machine  driven  mechanically,  396. 
retardation  method,  398,  402. 
separation  of  friction  from  iron  loss, 
394. 
Losses  in  induction  motors,  561. 
Luminometer,  Marshall,  284. 
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Lummer-Brodhun  sight-box,  243. 
Magnetic  brakes,  719. 
Magnetic  fields  of  direct-current  machines, 
178. 

maps  of  stray  flux,  178. 

measurement  of  flux  in,  180. 

total  flux  in  armature  and  field,  179. 
Magnetic  flux,  166 

in  air,  192. 

influence  of  air-gap,  171. 

influence  of  length  and  cross-section  of 
path,  172. 

measurement   with    ballistic   galvanom- 
eter, 168. 

magnetic  leakage,  174,  176,  181. 

magnetisation    curves,    190,    195,    197, 
208,  211. 
Marshall  luminometer,  284. 
Matthews'  integrating  photometer,  251 . 
Maximum  demand  indicators,   113,  115. 
Mean    hemispherical    intensity    of    light, 

254. 
Mean  horizontal  candle-power,  239. 
Mean  spherical  intensity  of  light,  248. 
Measuring  instantaneous  speeds,  398. 
Mershon's  A.  C.    line   drop    compensator, 

308. 
Moment    of    inertia    of    revolving    parts, 

401. 
Motorman's  valve,  739. 
Motor  starters,  683. 

electrically  operated,  686. 

multiple  switch,  685. 

with  field  control,  691. 

with  no-voltage  release,  683. 

with  overload  release,  689. 
Motors,  direct-current,  362. 

brake  test  of  series,  370. 

brake  test  of  shunt.  369. 

compensated  variable  speed,  377. 

compound,  371. 

field  strength  and  speed,  363. 

Lincoln,  376. 

Stow,  376. 

two-commutator,  379. 
.  -types  of,  362. 
Multiple  arc  lamps,  257. 
Multiple-unit  control,  722. 

details  of  operation,  725. 

disposition  of  parts,  725. 

principles  of  operation,  723. 
Murray  loop,  329. 
Mutual  induction,  136,  137. 
Nalder  potentiometer,  80. 
National  Electrical  Code.  776. 
Ness  telephone  system,  761. 
Norms  of  illumination,  289. 
Ohm,  1. 
Ohmmeter,  Evershed,  324. 


Ohmmeter,  Sage,  18. 
Ohm  's  law,  1. 
Opposition  runs: 

Blondel's  method,  413. 

classification  of,  411. 

Hopkinson  method,  415. 

Hutchison  method,  416. 

mechanical  analogy,  410. 

on  alternators,  511,  517. 

on  direct-current  machinery,  409.    . 

on  series  motors,  418. 

on  transformers,  437. 
Optimistic   limit  of  alternator  rcgulatiaa. 

523. 
Oscillograph,  620. 

determining    A.    C.   wave   form    with. 
626. 

Duddell,  623. 

student's,  624. 
Otis  elevator,  701. 
Overload  release,  689 
Parallel  operation  of  alternators,  49?. 
Parallel  operation  of  D.  C.  generators,  347. 

353. 
Party  telephone  lines,  771. 
Pellat  absolute  electro-dynamometer,  84. 
Performance  curves  of  alternators,  486. 
Permeability,  170. 
Permeability  tests,  190. 

ballistic  method,  196. 

divided-bar  method,  200. 

Ewing  double-bar  method,  201. 

permeameters,  193,  202,  204. 

ring  method,  199. 

steady  deflection  method,  208. 

tractional  method,  193. 
Pessimistic  limit  of  alternator  regulation, 

523. 
Phase-angle  and  power  factor,  127. 
Phase-angle,  correction  for,  110. 
Phase  transformation,  476\ 
Photometry : 

of  arc  lamps,  268. 

of  incandescent  lamps,  233. 

construction  of  photometers,  266. 

flicker  photometer,  245. 

integrating  photometers,  251. 

the  photometer,  233. 

Weber  photometers,  285. 

with  lights  of  different  color,  247. 
Picou  permeameter,  203. 
Pivots,  friction  in,  42. 
Polarization  of  batteries,  641. 
Polyphase  boards,  56,  57,  58. 
Polyphase  systems,  451. 

electrical  relations  in,  451. 

size  of  conductors,  475. 

transformation  to  single-phase,  480. 
Portable  testing  sets,  27. 
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Potentiometers,  73. 

checking  resistances  of,  77. 

Leeds  6  Northrup,  75,  78. 

Nalder,  80. 

study  of  a  simple,  74. 
Potier's  diagram,  529. 
Power-factor,  88. 

diagram  for  finding,  312. 

influence  of,  in  transmission  lines,  301. 

influence  of,  upon  drop  in   alternators, 
485. 
Power-factor  meter,  97,  98. 
Power  relations  with  impedances  in  series, 

132. 
Power   relations  with   resistance   and    re- 
actance in  series,  128. 
Predetermining  regulation: 

of  alternators,  525. 

of  transformers^  444. 

of  transmission  lines,  310. 
Primary  and  secondary  standards,  64. 
Primary  batteries,  637. 
Prony  brake,  366. 

Quarter  phase,  mesh-connected,  456. 
Quarter  phase,  star-connected,  457. 
Radiator,  electric,  747. 
Rail  bonds,  21. 
Railway  work,  electric,  710. 
Ratio  of  voltages  and  currents  in  trans- 
formers, 421. 
Reactance  and  resistance: 

capacity  reactance,  152. 

combinations  of,  123. 

in  A.  C.  circuits,  116. 

power  relations,  128. 

reactance  and  inductance,  117. 

resistance  and  inductance,  117. 

triangle  of  voltage  drops  in,  127. 

Reactance,  116. 
coil  with  iron,  123. 
coil  with  resistance,  125. 
experimental  determination  of,  119. 
factors  affecting  value  of,  120. 
of  coil  without  iron,  122. 
phase-angle  and  power-factor,  127. 
Recording  instruments,  59,  63. 

ammeters,  63. 

operating  on  relay  principle,  61. 

voltmeters,  62. 
Recovery  of  primary  batteries,  641. 
Reduction  factor,  spherical,  248. 
Regulation  of  alternators,  518. 

at  power  factors  other  than  zero,  527. 

at  power  factor  sero,  518. 

by  split-field  test,  520. 

from  synchronous  motor  load,  519.  '^~ 

Kapp's  diagram  applied  to,  529. ~~ 

optimistic  and  pessimistic  limits  of,  523. 

Potier's  diagram  applied  to,  529.    — 


Regulation  of  transformers,  444. 
Regulation  of  transmission  lines,  293,  310. 
Regulator,  Tirrell,  345,  490. 
Regulators,  A.  C,  543. 
Regulators  for  boosters,  664,  667,  662. 
Regulators,  motor  speed,  683. 
Relations  in  polyphase  systems,  451,  456. 
Relay  principle,  instruments  operating  on, 

61. 
Reluctance,  apparent,  526. 
Reluctance,  factors  affecting,  172. 
Remote-control  switchboards,  681. 
Remote-control  switches,  688. 
Repulsion  motor,    induction  motor  start- 
ing as,  567. 
Resistance: 

checking  potentiometer  resistances,  77. 
comparing  with  the  potentiometer,  82. 
equivalent  primary  and  secondary,  445. 
factors,  affecting,  3,  4. 
influence  of  temperature,  5. 
in  series  and  in  parallel,  8. 
in  series-parallel,  9. 
Measuring  resistances: 

by  Carey-Foster  method,  16. 
by  drop-of-potential  method,  2. 
of  D.  C.  armatures,  11. 
of  rail  bonds,  21. 
of  very  small  resistances,  29. 
substitution  method,  11,  12. 
with  Kohlrausch  bridge,  19. 
with  Sage  ohmmeter,  18. 
with  Wheatstone  bridge,  13. 
of  sine  sulphate,  20. 
resistance  of  a  conductor,  1. 
specific  resistance,  4. 
temperature  co-efficient  and,  5,  6. 
Resistance,    inductance   and    capacity    in 
telephone  circuits,  774.^ 

Resistance  of  primarjs-^-itteries,^ 

Resistance  of  stqjp*^,  batteries,  651. 
Resop~n?e;  electric,  154. 
current,  155. 
vector  diagrams  of,  160. 
voltage,  158. 
Resonance  frequency  meter,  506. 
Retardation  method,  398,  399,  412. 
Reversing  railway  motors,  717 
Revolving  field  in  induction  meters,  447. 
Revolving  field  in  induction  motors,  546, 

585. 
Revolving  neld,instantaneou8  values  of,  588. 
Ring  lines,  319. 
Roller  bond  tester,  21. 
Rotary  converters,  532. 

armature  connections  in,  533. 
compounding,  541. 
dampers,  544. 
hunting,  543. 
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Rotary  converters — continued. 

polyphase,  540,  541. 

ratio  of  currents,  538. 

ratio  of  voltages,  536. 

single-phase,  539,  540. 

starting,  534. 

voltage  regulators  used  with,  543. 
Rotator,  universal,  237. 
Rotor  in  induction  motors,  547. 
Rouseau  diagram,  249. 
Safety  of  electric  plants,  776. 
Sage  ohmmeter,  18,  19. 
Sangamo  meter,  106. 
Saturation  factor,  170 
Saturation  in  iron,  170. 
Schedules  for  care,  733. 
Scott's  system  of   phase  transformation, 

477. 
Self-excitation,  334. 
Separation  of  losses  in  D.  C.  machines,  390. 

analytical  method,  403. 

graphico-analytical,  404. 

in  series  motors,  406 
Series  and  decade  arrangement  of  coils,  24. 
Series  arc  lamps,  260,  262 
Series  armature  windings,  612. 
Series  motors: 

brake  test,  370. 

efficiency  from  losses,  407. 

opposition  runs,  418. 

separation  of  losses  in,  406. 
Series-parallel  resistances,  9. 
Series  windings  in  D.  G.  generators,  343. 
Shadowgraphs,  748. 
Shell-type  transformers,  420. 
Short-circuit  test  on  transformers,  447. 
Shunts,  40. 
Shunt  generators: 

no-loadjchftK^+"^*t»cs  of,  335. 
-_ Vdffage  drop  an<^    .       '  "ion,  336. 
Shunt  motor  brake  te^  \  TO. 
Shunting  railway  motor  fields,  71 
Sight-box,  237,  243. 
Signalling  in  telephony,  756. 
Six-phase  system,  478. 
Slide  wire  Wheatstone  bridge,  14. 
Slip  in  induction  motors,  549. 
Slip  meters,  555. 
Soldering  iron,  electric,  747. 
Specific  resistance,  4. 
Speed  control  of  D.  C.  motors,  365. 
Speed  control  of  induction  motors,  551. 
Split-field  test  of  alternators,  512,  520. 
Split-phase  frequency  meter,  506. 
Squirrel-cage  rotor,  548. 
Standards : 

cells,  71. 

fluid,  20. 

lamps,  238. 


Standards  —  continued. 
low  resistance,  30. 
of  illumination,  289. 
primary  and  secondary,  64. 
Starting  devices  for  induction  motors,  549. 
Static  ground-detector,  320. 
Stator  of  induction  motors,  547. 
Storage  batteries,  602. 
boosters,  660. 
capacity  of,  648. 
charge    and    discharge    characteristics, 

650. 
charging,  654,  655. 

construction  and  chemical  action,  645. 
end-cell  switches,  655. 
floating  batteries,  658. 
in  alternating-current  plants,  669. 
internal  resistance,  651. 
operation  and  control,  653. 
testing,  649. 

voltage  by  cadmium  tester,  651. 
voltage  during  charge  and  discharge,  647. 
Stow  motors,  340. 
Stroboscopic  slip  meters,  555. 
Substitution  method  of  measuring  resist- 
ances, 11. 
Switchboards,  670. 
Alternating-current : 
for  one  alternator,  676. 
for  two  or  more  alternators,  679. 
Direct-current: 
for  one  generator,  670. 
for  two  or  more  generators,  672. 
miscellaneous  boards,  676. 
size  of  apparatus  on,  674. 
Synchronism  indicators,  495. 
Synchronising,  497. 
Synchronizing  connections,  680. 
Synchronising  lamps,  494. 
Synchronous  motors: 
brake  test,  501. 

excitation  and  power  factor,  508. 
huntW  rf ,  504. 
operating  features,  500. 
starting,  500. 
V-curves,  504. 
vector  diagram,  502. 
Synchronous  motors  and  alternators,  482. 
miscellaneous  boards,  682. 
remote-control  boards,  681. 
synchronising  connections,  680. 
voltmeter  connections,  680. 
Tables  for  wave  analysis,  629. 
Telephone  switchboards,  764. 
Telephony,  753. 

adjusting    transmitters    and    receivers, 

755. 
classification  of  installations,  755. 
house  telephones,  759. 
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Telephony  — continued. 
induction  coil,  754. 
intercommunicating  telephones,  760. 
magneto-telephone  connections,  758. 
magneto-telephone  exchange,  763. 
ringer  and  magneto,  757. 
signalling,  756 

switchboard  connections,  764. 
transmitter,  753. 
Central  energy  systems: 
battery  connections,  767. 
common  battery  switchboard  connec- 
tions, 770. 
connecting  subscribers,  768. 
party  lines,  771 . 
resistance,  inductance  and  capacity  in 

lines,  774. 
retardation  coils,  767. 
Temperature  co-efficient,  5,  6. 
Temperature,  determination  of  in  wind- 
ings, 6. 
Temperature  rise  of  alternators,  515. 
Temperature  test,  Hobart  &  Punga,  516. 
Testing  sets,  27. 
Thermo-galvanometer,  70. 
Thompson  permeameter,  193. 
Thomson-Houston  arc  light  machine,  264, 

265. 
Thomson  integrating  wattmeter,  101. 
Three-phase  systems,  458. 
Delta-connection,  468. 
measuring  power  in  Y-connection,  462, 

463. 
resistance  in  neutral  wire,  461. 
T-connection,  473,  507. 
three-phase  to  six-phase  transformation, 

478. 
V-connection,  470. 
Y-connection,  current  relations,  450. 
Y-connection,  voltage  relations,  460. 
Three-voltmeter  method,  131 . 
Three-wire  systems,  354. 
effects  of  unbalancing,  357. 
methods  of  dividing  voltage,  355. 
motors  on,  377. 
study  of  symmetrical,  359. 
study  of  unsymmetrical,  359. 
unsymmetrical,  380. 
Tin-ell  regulator,  345,  490. 
Torda-Heyman,  predetermining  alternator 

regulation,  525. 
Torque  and  friction  in  integrating  watt- 
meters, 111. 
Torque  balance,  112. 

Torque    in    electro-dynamometer    instru- 
ments, 42. 
Tractional   method  of  measuring   perme- 
ability, 193. 
Tractive  electro-magnets,  184. 


Transformers,  420. 

a  testing  transformer,  428. 

auto-transformer,  426. 

commercial  tests,  434. 

constant-current,  265. 

cooling  and  heating  curves,  438,  442. 

core-type  and  shell-type,  420. 

efficiency,  434. 

heat  run  on,  440. 

loading,  423. 

opposition  tests  on,  437. 

phase  transformation,  476. 

predetermination  of  regulation,  444. 

ratio  of  voltages  and  currents,  421. 

regulation  from   short-circuit  tests,  447. 

testing  insulation  of,  428. 

temperature  rise,  436. 

transferring  resistances,  445. 

voltage  drop  in,  422. 

voltage  regulation,  444. 

welding,  751. 
Transmission  dynamometer,  368. 
Transmission  lines,  292. 

alternating-current,  300. 

at  constant  power,  303. 

branched,  298. 

experimental,  295. 

influence  of  capacity,  306. 

influence  of  inductance,  304. 

influence  of  power  factor,  301 . 

influence  of  voltage  and  of  cross-section, 
297. 

regulation,  293,  296. 

voltage  drop,  292,  311. 
Triple  valve,  740. 
Troubles  in  D.  C.  machines: 

armature,  381. 

commutator,  381. 

field,  380. 

locating,  382. 
Tungsten  lamps,  242. 
Two-commutator  motor,  379. 
Two-phase  systems,  452. 

four-wire  system,  452. 

quarter-phase,  mesh  connection,  457. 

quarter-phase,  star  connection,  456. 

three-wire  system,  453. 
Ulbricht'fl  integrating  photometer,  252. 
Variable-speed  drive,  375. 
Varley  loop,  329. 
V-connection,  470. 

V-curves  of  synchronous  motors,  504. 
Vector  diagrams: 

alternating-current  wave  analysis,  628. 

alternators,  486,  488,  528. 

capacity    and    inductance    (resonance), 
153,  157,  160, 162,  541. 

compounding  rotary  converters,  541. 

induction  motors,  560, 571, 574, 582, 583. 
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polyphase  circuits,  relations  in,  464,  466, 
468,  460,  461,  462,  469,  474. 

resistance  and  inductance,  124,  126, 130, 
133,  134,  136. 

synchronous  motors,  602,  603. 

transformers,  448,  460. 

transmission  lines,  301,  302,  306,  311. 
Vibrating-contact  booster  regulator,  667. 
Vibrating-reed  slip  meters,  667. 
Voltage  and  current  ratios  in  transformers, 

421. 
Voltage  and  flux  density,  226. 
Voltage  drop : 

in  distributing  lines,  315. 

in  resistance  and  reactance,  127. 

in  shunt  generators,  336. 

in  transformers,  422. 

in  transmission  lines,  292. 
Voltage  ratios  in  rotary  converters,  636. 
Voltage  regulators  with  rotary  converters, 

643. 
Voltmeters,  34. 

as  ground  detectors,  321. 

calibration  of  A.  C,  69. 

calibration  of  D.  C,  68,  80. 

connections,  680. 

high-tension,  60. 

line-drop  compensators,  307. 

range  of,  675. 

recording,  62. 
Volt-ammeters,  66. 
Voltmeter  plug,  674. 
Watt-hour  as  unit  of  consumption,  99. 
Wattmeters,  87. 

compensation  for  power  in,  90. 

electro-dynamometer  type,  89,  94. 

inaccuracy  at  low  power  factors,  92. 

indicating,  87. 

induction,  95. 

Integrating,  99. 


Wattmetere  —  continued. 

commutator  type,  101,  104. 

correction  for  phase  angle,  110. 

induction-type,  107,  113. 

polyphase,  109. 

Sangamo,  106. 

Thomson,  101 

torque  and  friction.  111. 

rating  of,  675. 

theory  of,  87. 

Whitney,  94. 
Watt-ratio  curve,  464. 
Wave  form,  alternating-current,  614. 

analysis  of,  626. 

analysing  tables,  629,  632-636. 

by  point-to-point  method,  615, 616. 

by  oscillograph,  620,  626. 

general  equations  of,  627,  631. 

harmonics,  628. 
Weber  photometer,  285. 
Welding,  743,  748,  760,  751. 
Westinghouse  air-brake,  635,  638. 
Westinghouse  power-factor  meter,  97. 
Wheatstone  bridge,  13. 

Carey-Foster  method,  16. 

Kelvin  double  bridge,  29. 

Kohlrausch  bridge,  19. 

measuring  inductance  with,  138. 

measuring  resistance  with,  16. 

plug-type  bridge,  24. 

slide-wire,  14. 
Wright  maximum  demand  indicator 
Y-connection,  459. 

current  relations  in,  459. 

measuring  power,  462. 

unbalanced  load,  460,  466. 

voltage  relations  in,  460. 

with  inductive  load,  467. 
Zero  power-factor,  regulation  at,  518. 
Zinc  sulphate,  resistance  of,  20. 
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Helm's  Principles  of  Mathematical  Chemistry.     (Morgan.). zamo,  z  50 

Hering's  Ready  Reference  Tables  (Conversion  Factors). xozno,  morocco,  a  50 

Herrick's  Denatured  or  Industrial  Alcohol 8vo,  4  00 

Hind's  Inorganic  Chemistry. 8vo,  3  00 

*  Laboratory  Manual  for  Students zamo,    z  00 

Holleman's  Text-book  of  Inorganic  Chemistry.    (Cooper.) 8vo,    a  5* 

Text-book  of  Organic  Chemistry.    (Walker  and  Mott) 8vo,    a  $s> 

*  Laboratory  Manual  of  Organic  Chemistry.    (Walker.) iamo,    x  00 
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Hofley  and  Ladd's  Analysis  of  Mixed  Paints.  Color  Pigments,  and  Varnishes. 
(In  Press) 

Hopkins's  Oil-chemists*  Handbook 8vo,    3  00 

Iddings's  Rock  Minerals , 8vo,  5  00 

Jackson's  Directions  for  Laboratory  Work  in  Physiological  Chemistry.  .8vo,    z  as 
-Johannsen's  Key  for  the  Determination  of  Rock-forming  Minerals  in  Thin  Sec- 
tions.    (In  Press) 

.Keep's  Cast  Iron 8vo,  2  so 

Ladd's  Manual  of  Quantitative  Chemical  Analysis zamo,  1  00 

Landauer's  Spectrum  Analysis.     (Tingle.) 8vo,  3  00 

*Langworthy  and  Austen.        The  Occurrence  of  Aluminium  in  Vegetable 

Products,  Animal  Products,  and  Natural  Waters 8vo,  2  00 

Lassar-Cohn's  Application  of  Some  General  Reactions  to  Investigations  in 

Organic  Chemistry.     (Tingle.) zamo,  1  00 

Leach's  The  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 

Control. 8vo,  7  50 

Lob's  Electrochemistry  of  Organic  Compounds.     (Lorenz.) 8vo,  3  00 

Lodge's  Notes  on  Assaying  and  Metallurgical  Laboratory  Experiments. ..  .8vo,  3  00 

Low's  Technical  Method  of  Ore  Analysis 8vo,  3  00 

Lunge's  Techno-chemical  Analysis.     (Cohn.) 12 mo  1  00 

*  McKay  and  Larsen's  Principles  and  Practice  of  Butter-making 8vo,  z  50 

Main's  Modern  Pigments  and  their  vehicles.     ( In  Press. ) 

Mandel's  Handbook  for  Bio-chemical  Laboratory 12 mo,  z  50 

*  Martin's  Laboratory  Guide  to  Qualitative  Analysis  with  the  Blowpipe . .  nmo,  60 
Mason's  Water-supply.     (Considered  Principally  from  a  Sanitary  Standpoint) 

3d  Edition,  Rewritten 8vo,  4  00 

Examination  of  Water.     (Chemical  and  Bacteriological.) zamo,  z  25 

Matthew's  The  Textile  Fibres.    2d  Edition,  Rewritten 8vo,    4  00 

Meyer's  Determination  of  Radicles  in  Carbon  Compounds.     (Tingle.),  .zamo,  zoo 

Miller's  Manual  of  Assaying 12 mo,  z  00 

Cyanide  Process zamo,  z  00 

Minet's  Production  of  Aluminum  and  its  Industrial  Use.     (Waldo.) Z2mo,  a  50 

Mirter's  Elementary  Text-book  of  Chemistry zamo,  z  50 

Morgan's  An  Outline  of  the  Theory  of  Solutions  and  its  Results zamo,  z  00 

Elements  of  Physical  Chemistry zamo,  3  00 

*  Physical  Chemistry  for  Electrical  Engineers zamo,  5  00 

Morse's  Calculations  used  in  Cane-sugar  Factories i6mo,  morocco,  z  50 

*  Mux's  History  of  Chemical  Theories  and  Laws 8vo,  4  00 

MuUiken*8  General  Method  for  the  Identification  of  Pure  Organic  Compounds. 

VoL  I Large  8vo,  *  5  00 

O'Driscoll's  Notes  on  the  Treatment  of  Gold  Ores. 8vo,  a  00 

Ostwald's  Conversations  on  Chemistry.     Part  One.     (Ramsey.) zamo,  z  50 

"              "          "            Part  Two.     (TurnbulL) zamo,  a  00 

*  Palmer's  Practical  Test  Book  of  Chemistry i2mo,  l  00 

*  Pauli's  Physical  Chemistry  in  the  Service  of  Medicine.     (Fischer. ) . . . .  zamo,  z  as 

*  Penfield's  Notes  on  Determinative  Mineralogy  and  Record  of  Mineral  Tests. 

8vo,  paper,  50 

Pictet's  The  Alkaloids  and  their  Chemical  Constitution.     (Biddle.) 8vo,  5  00 

Pinner's  Introduction  to  Organic  Chemistry.     (Austen.) zamo,  z  50 

Poole's  Calorific  Power  of  Fuels. *. . .  .8vo,  3  00 

Prescott  and  Winslow's  Elements  of  Water  Bacteriology,  with  Special  Refer- 
ence to  Sanitary  Water  Analysis. zamo,  z  35 

*  Reisig's  Guide  to  Piece-dyeing. 8vo,  25  00 

Richards  and  Woodman's  Air,  Water,  and  Food  from  a  Sanitary  Standpoint.  .8*0 ,  a  00 

Ricketts  and  Miller's  Notes  on  Assaying. 8vo,  3  00 

Rideal's  Sewage  and  the  Bacterial  Purification  of  Sewage 8vo,  4  00 

Disinfection  and  the  Preservation  of  Food. 8vo,  4  00 

Riggs's  Elementary  Manual  for  the  Chemical  Laboratory 8vo,  z  as 

Robine  and  Lenglen's  Cyanide  Industry.    (Le  Clerc.) 8vo,  4  00 
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Ruddiman's  Incompatibilitiei  in  Prescriptions 8vo,  a  oo> 

*  Whys  in  Pharmacy ismo.  i  oo 

Sabin's  Industrial  and  Artistic  Technology  of  Paints  and  Varnish 8vo»  3  00 

Salkowski's  Physiological  and  Pathological  Chemistry.     (Orndorff.) 8vo,  2  50- 

Schimpf  s  Text-book  of  Volumetric  Analysis. 12 mo,  2  50- 

Essentials  of  Volumetric  Analysis. i2mo,  1  25 

*  Qualitative  Chemical  Analysis 8vo,  1  25 

Smith's  Lecture  Notes  on  Chemistry  for  Dental  Students. 8vo,  2  5a 

Spencer's  Handbook  for  Chemists  of  Beet-sugar  Houses i6mo,  morocco  3  00 

Handbook  for  Cane  Sugar  Manufacturers i6mo,  morocco.  3  00 

Stockbridge's  Rocks  and  Soils 8vo,  2  50- 

*  Tillman's  Elementary  Lessons  in  Heat 8vo,  z  50 

*  Descriptive  General  Chemistry 8vot  3  oo* 

Treadwell's  Qualitative  Analysis.     (Hall.) 8vo*  3  00- 

Quantitative  Analysis.     (HalL) 8vot  4  00 

Turneaure  and  Russell's  Public  Water-supplies 8vo,  5  00- 

Van  Deventer's  Physical  Chemistry  for  Beginners.     (Boltwood.) iamo,  1  50 

'  *  Wa Ike's  Lectures  on  Explosives 8vo,  4  00 

Ware's  Beet-sugar  Manufacture  and  Refining.     Vol.  I Small  8vo,  4  00 

"           M        "              Vol.11 Small  8 vo,  5  co- 
Washington's  Manual  of  the  Chemical  Analysis  of  Rocks 8vov  2  00 

Weaver's  Military  Explosives 8vof  3  00 

Wehrenfennig'8  Analysis  and  Softening  of  Boiler  Feed- Water 8vo,  4  00 

Wells's  Laboratory  Guide  ln«Qualitative  Chemical  Analysis 8vo,  z  30 

Short  Course  in  Inorganic  Qualitative  Chemical  Analysis  for  Engineering 

Students nmo,  z  50 

Text-book  of  Chemical  Arithmetic nmo,  z  25 

Whipple's  Microscopy  of  Drinking-water 8vo,  3  5a 

Wilson's  Cyanide  Processes iamo,  z  50 

Chlorination  Process 12 mo,  z  5c 

Winton's  Microscopy  of  Vegetable  Foods 8vo,  7  50 

Wulling's   Elementary   Course  in  Inorganic,  Pharmaceutical,  and  Medical 

Chemistry - iamo,  2  00 


CIVIL  ENGINEERING. 

BRIDGES    AND   ROOFS.      HYDRAULICS.       MATERIALS  OF   ENGINEERING 
RAILWAY  ENGINEERING. 

Baker's  Engineers'  Surveying  Instruments iamo,  3  oo 

Bixby's  Graphical  Computing  Table Paper  zgi  X*4t  inches.  25 

Breed  and  Hosmer's  Principles  and  Practice  of  Surveying 8vo,  3  00 

*  Burr's  Ancient  and  Modern  Engineering  and  the  Isthmian  Canal 8vo,  3  50 

Comstock's  Field  Astronomy  for  Engineers 8vo,  2  50 

*  CorthelTs  Allowable  Pressures  on  Deep  Foundations l2mo,  z  25 

CrandaU's  Text-book  on  Geodesy  and  Least  Squares 8vo,  3  00 

Davis's  Elevation  and  Stadia  Tables 8vo,  z  00 

Elliott's  Engineering  for  Land  Drainage s 12010,  z  50 

Practical  Farm  Drainage iamo,  1  00 

♦Fiebeger's  Treatise  on  Civil  Engineering 8vo.  5  00 

Flemer's  Phototopographic  Methods  and  Instruments 8vo,  5  00 

Fohvell's  Sewerage.     (Designing  and  Maintenance.) JBvo,  3  00 

Freitag's  Architectural  Engineering.     2d  Edition,  Rewritten 8vo,  3  50 

French  and  Ives's  Stereotomy 8vo,  *  5» 

Goodhue's  Municipal  Improvements. iamo.  1  50 

Gore's  Elements  of  Geodesy 8vo,  2  50 

*  Hauch  and  Rice's  Tables  of  Quantities  for  Preliminary  Estimates, l2mo,  1  25 

Harford's  Text-book  of  Geodetic  Astronomy 8vo,  3  00 
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Bering's  Ready  Reference  Tables  (Conversion  Factors) i6mo,  morocco.  2  50 

Howe's  Retaining  Walls  for  Earth. 12 mo,  x  25 

Hoyt  and  Graver's  River  Discharge 8vo,  2  00 

*  Ives's  Adjustments  of  the  Engineer's  Transit  and  Level i6mo,  Bds.  25 

Ives  and  Hilts's  Problems  in  Surveying x6mo,  morocco,  x  50 

Johnson's  (J.  B.)  Theory  and  Practice  of  Surveying Small  8vo,  4  00 

Johnson's  (L.  J.)  Statics  by  Algebraic  and  Graphic  Methods 8vo,  2  00 

Laplace's  Philosophical  Essay  on  Probabilities.    (Truscott  and  Emory.) .  12 mo,  2  00 

Jfahan's  Treatise  On  Civil  Engineering.     (1873.)     (Wood.) 8vo,  5  00 

*  Descriptive  Geometry. 8vo,  x  50 

Jlerriman's  Elements  of  Precise  Surveying  and  Geodesy 8vo,  2  50 

Jferriman  and  Brooks's  Handbook  for  Surveyors. i6mo,  morocco,  2  00 

Nugent's  Plane  Surveying 8vo,  3  50 

Ogden's  Sewer  Design xamo,  2  00 

Parsons's  Disposal  of  Municipal  Refuse 8vo,  2  00 

Patton's  Treatise  on  Civil  Engineering 8vo  half  leather,  7  50 

Reed's  Topographical  Drawing  and  Sketching 4 to,  5  00 

Rideal's  Sewage  and  the  Bacterial  Purification  of  Sewage 8vo,  4  00 

Rtemer'8  Shaft-sinking  under  Difficult  Conditions.    (Corning  and  Peefe-)..8vo,  300 

Siebert  and  Biggin's  Modern  Stone-cutting  and  Masonry 8vo,  x  50 

•Smith's  Manual  of  Topographical  Drawing.     (McMillan.) 8vof  2  50 

Sondericker's  Graphic  Statics,  with  Applications  to  Trusses,  Beams,  and  Arches. 

8vo,  2  00 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced 8vo,  5  00 

"Tracy's  Plane  Surveying i6mo,  morocco,  3  00 

*  Trautwine's  Civil  Engineer's  Pocket-book i6mo,  morocco,  5  00 

Venable's  Garbage  Crematories  in  America. 8vo,  2  00 

Wait's  Engineering  and  Architectural  Jurisprudence 8vo,  6  00 

Sheep,  6  50 
Law  of  Operations  Preliminary  to  Construction  in  Engineering  and  Archi- 
tecture  8vo,  5  00 

Sheep,  5  50 

Law  of  Contracts. 8vo,  3  00 

Warren's  Stereotomy — Problems  in  Stone-cutting 8vo,  2  50 

Webb's  Problems  in  the  Use  and  Adjustment  of  Engineering  Instruments. 

iomo,  morocco,  1  25 

Wilson's  Topographic  Surveying 8vo,  3  50 

BRIDGES  AND  ROOFS. 

Boiler's  Practical  Treatise  on  the  Construction  of  Iron  Highway  Bridges . .  8vo,  2  00 

Burr  and  Falk's  Influence  Lines  for  Bridge  and  Roof  Computations 8vo,  3  00 

Design  and  Construction  of  Metallic  Bridges 8vo,  5  00 

Du  Bois's  Mechanics  of  Engineering.     Vol  II Small  4 to,  xo  00 

Foster's  Treatise  on  Wooden  Trestle  Bridges. 4 to,  5  00 

Fowler's  Ordinary  Foundations 8vo,  3  50 

Oreene's  Roof  Trusses. 8vo,  1  25 

Bridge  Trusses 8vo,  2  50 

Arches  in  Wood,  Iron,  and  Stone 8vo,  2  50 

Grimm's  Secondary  Stresses  in  Bridge  Trusses.     (In  Press. ) 

Howe's  Treatise  on  Arches 8vo,  4  00 

Design  of  Simple  Roof-trusses  in  Wood  and  SteeL 8vo,  2  00 

Symmetrical  Masonry  Arches. 8vo,  2  50 

Johnson,  Bryan,' and  Turneaure's  Theory  and  Practice  in  the  Designing  of 

Modern  Framed  Structures Small  4 to,  10  00 

Merriman  and  Jacoby's  Text-book  on  Roofs  and  Bridges: 

Part  I.    Stresses  in  Simple  Trusses. 8vo,  2  50 

Part  n.    Graphic  Statics 8vo,  2  50 

Part  m.  Bridge  Design 8vo,  2  50 

Part  IV.  Higher  Structures 8vo,  2  50 
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Morison's  Memphis  Bridge 4to,  10  oo> 

WaddelTs  De  Pontibus,  a  Pocket-book  for  Bridge  Engineers . .  i6mo,  morocco,  2  00 

*  Specifications  for  Steel  Bridges 12 mo,  50* 

Wright's  Designing  of  Draw-spans.    Two  parts  in  one  volume 8vof  3  50 

HYDRAULICS. 

Barnes's  Ice  Formation. 8vo,  3  00* 

Bazin's  Experiments  upon  the  Contraction  of  the  Liquid  Vein  Issuing  from 

an  Orifice.     (Trautwine.) 8vo,  2  oo» 

Bovey's  Treatise  on  Hydraulics 8vo,  5  o©> 

Church's  Mechanics  of  Engineering 8vo.  6  00 

Diagrams  of  Mean  Velocity  of  Water  in  Open  Channels paper,  x  50- 

Hydraulic  Motors. 8vo,  2  00 

Coffin's  Graphical  Solution  of  Hydraulic  Problems x6mo,  morocco,  2  50- 

Flather's  Dynamometers,  and  the  Measurement  of  Power xamo,  3  00 

Folwell's  Water-supply  Engineering 8vo,  4  oa 

Frizell's  Water-power. 8vo,  5  oo- 

Fuertes's  Water  and  Public  Health xamo,  1  50 

Water-filtration  Works xamo.  2  50* 

Ganguillet  and  Kutter's  General  Formula  for  the  Uniform  Flow  of  Water  in 

Rivers  and  Other  Channels.     (Hering  and  Trautwine.) 8vo,  4  oo> 

Hazen's  Clean  Water  and  How  to  Get  It Large  i2mo.  1  So 

Filtration  of  Public  Water-supply 8vo,  3  co» 

Hazlehurst's  Towers  and  Tanks  for  Water-works 8vo,  2  50- 

Herschel's  1x5  Experiments  on  the  Carrying  Capacity  of  Large,  Riveted,  Metal 

Conduits. 8vo,  2  oo- 

*  Hubbard  and  Kiereted's  Water-works  Management  and  Maintenance..  8vo,  4  oo> 
Mason's  Water-supply.     (Considered  Principally  from  a  Sanitary  Standpoint.) 

8vo,  4  00 

Merriman's  Treatise  on  Hydraulics. 8vo,  5  00* 

*  Michie's  Elements  of  Analytical  Mechanics 8vo,  4  00* 

Schuyler's  Reservoirs  for  Irrigation,   Water-power,  and  Domestic  Water- 
supply Large  8vo,  5  00* 

*  Thomas  and  Watt's  Improvement  of  Rivers 4to,  6  oo» 

Turneaure  and  Russell's  Public  Water-supplies 8vo,  5  00 

Wegmann's  Design  and  Construction  of  Dams.     5th  Edition,  enlarged . . .  4 to,  6  00 

Water-supply  of  the  City  of  New  York  from  1658  to  1895 4to,  xo  00- 

Whipple's  Value  of  Pure  Water Large  12 mo,  1  oa 

Williams  and  Hazen's  Hydraulic  Tables 8vo,  x  s» 

Wilson's  Irrigation  Engineering Small  8vo,  4  00 

Wolff's  Windmill  as  a  Prime  Mover 8vo,  3  00 

Wood's  Turbines 8vo,  2  5a 

Elements  of  Analytical  Mechanics 8vo,  3  oo> 


MATERIALS  OF  ENGINEERING. 

Baker's  Treatise  on  Masonry  Construction 8vo.  5  oo* 

Roads  and  Pavements 8vo,  5  00 

Black's  United  States  Public  Works Oblong  4 to,  5  00 

*  Bovey's  Strength  of  Materials  and  Theory  of  Structures 8vo,  7  50 

Burr's  Elasticity  and  Resistance  of  the  Materials  of  Engineering. ..... .8vo,  7  50 

Byrne's  Highway  Construction 8vo,  5  oo- 

Inspection  of  the  Materials  and  Workmanship  Employed  in  Construction. 

x6mo,  3  o» 

Church's  Mechanics  of  Engineering .• 8 to,  6  00- 

Du  Bois's  Mechanics  of  Engineering.     Vol  I Small  4to  7  5<> 

*Eckel*s  Cements,  Limes,  and  Plasters 8vo,  6  oo> 
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Johnson's  Materials  of  Construction. .Large  8vo, 

Fowler*!  Ordinary  Foundation!. 4 8vof 

Graves's  Forest  Mensuration. 8vo, 

•  Greene's  Structural  Mechanics. 8vo. 

Keep's  Cast  Iron. 8vo, 

Lanza's  Applied  Mechanics 8vo, 

Martens's  Handbook  on  Testing  Materials.     (Henning.)     2  vols 8vo, 

Maurer's  Technical  Mechanics 8vo, 

Merrill's  Stones  for  Building  and  Decoration 8vo, 

Merriman's  Mechanics  of  Materials 8vo, 

•  Strength  of  Materials iamo, 

Metcalf's  SteeL    A  Manual  for  Steel-users zamo, 

Patton's  Practical  Treatise  on  Foundations 8vo» 

Richardson's  Modern  Asphalt  Pavements 8vo, 

Richey's  Handbook  for  Superintendents  of  Construction i6mo,  mor., 

*  Ries's  Clays:  Their  Occurrence,  Properties,  and  Uses 8vo, 

Rockwell's  Roads  and  Pavements  in  France 12 mo, 

Sabin's  Industrial  and  Artistic  Technology  of  Paints  ari  Varnish 8vo, 

♦Schwarz's  Longleaf  Pine  in  Virgin  Forest  ., iwno, 

Smith's  Materials  of  Machines , 121110, 

Snow's  Principal  Species  of  Wood 8vo, 

Spalding's  Hydraulic  Cement 12 mo, 

Text-book  on  Roads  and  Pavements xamo, 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced 8vo, 

Thurston's  Materials  of  Engineering.     3  Parts 8vo, 

Part  I.     Non-metallic  Materials  of  Engineering  and  Metallurgy 8vo, 

Part  n.     Iron  and  SteeL 8vo, 

Part  HI.     A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8vo, 

Tillson's  Street  Pavements  and  Paving  Materials 8vo, 

Turneaure  and  Maurer's  Principles  of  Reinforced  Concrete  Construction    .  8vo, 
Waddell's  De  Pontibus.    (A  Pocket-book  for  Bridge  Engineers.)   .  x6mo.  mor., 

*  Specifications  for  Steel  Bridges x  amo, 

Wood's  (De  V.)  Treatise  on  the  Resistance  of  Materials,  and  an  Appendix  on 

the  Preservation  of  Timber 8vo, 

Wood's  (De  V.)  Elements  of  Analytical  Mechanics 8vo, 

Wood's  (M.  P.)  Rustless  Coatings:    Corrosion  and  Electrolysis  of  Iron  and 

SteeL 8vo,    4  00 


RAILWAY  ENGINEERING. 

Andrew's  Handbook  for  Street  Railway  Engineers 3x5  inches,  morocco,  x  as 

Berg's  Buildings  and  Structures  of  American  Railroads 4to,  5  00 

Brook's  Handbook  of  Street  Railroad  Location x6mo,  morocco,  x  50 

Butt's  Civil  Engineer's  Field-book x6mo,  morocco,  2  50 

Crandall's  Transition  Curve i6mo,  morocco,  x  so 

Railway  and  Other  Earthwork  Tables 8vo,  150 

Crookett's  Methods  for  Earthwork  Computations.    (In  Pi  ess) 

Dawson's  "Engineering"  and  Electric  Traction  Pocket-book   .  x6mo,  morocco  5  00 

Dredge's  History  of  the  Pennsylvania  Railroad:  (1879) Paper,  5  00 

Fisher's  Table  of  Cubic  Yards Cardboard,  35 

Godwin's  Railroad  Engineers'  Field-book  and  Explorers'  Guide. . .  x6mo,  mor.,  a  50 
Hudson's  Tables  for  Calculating  the  Cubic  Contents  of  Excavations  and  Em- 
bankments  8vo,  1  00 

MoHtor  and  Beard's  Manual  for  Resident  Engineers x6mo,  1  00 

Nagle's  Field  Manual  for  Railroad  Engineers x6mo,  morocco,  3  00 

Philbrick's  Field  Manual* for  Engineers x6mo,  morocco,  3  00 

Raymond's  Elements  of  Railroad  Engineering.     (In  Tress.) 
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Searlee's  Field  Engineering. i6mo,  morocco,  3  00 

Railroad  Spiral. i6mo,  morocco,  1  50 

Taylor's  Prismoidal  Fomate  and  Earthwork. 8vo,  1  90 

•  Traotwine's  Method  of  Calculating  the  Cube  Contents  of  Excavations  and 

Embankments  by  the  Aid  of  Diagrams. 8vo,  a  00 

The  Field  Practice  of  Laying  Oat  Circular  Cum  for  Railroads. 

zamo,  morocco*  a  90) 

Cross  section  Sheet Paper,  25 

Webb's  Railroad  Construction. i6mo«  morocco,  5  00 

Economics  of  Railroad  Construction Large  iamo,  a  50 

Wellington's  Economic  Theory  of  the  Location  of  Railways. Small  8vo,  5  00 


DRAWING. 

Barr*s  Kinematics  of  Machinery. 8ro,  a  50 

*  Bartlett's  Mechanical  Drawing. 8to,  3  00 

*  -                  "      Abridged  Ed. 8vo,  150 

CooHdge's  Manuel  of  Drawing. 8vo,  paper,  1  00 

CooHdge  and  Freeman's  Elements  of  General  Drafting  for  Mechanical  Engi- 
neers  Oblong  4to,  a  50 

Darky's  Kinematics  of  Machines. 8vo,  4  00 

Emch's  Introduction  to  Projective  Geometry  and  its  Applications. 8vo.  a  50 

Hill's  Teat-book  on  Shades  and  Shadows,  and  Perspective 8vo,  a  00 

Jamison's  Elements  of  Mechanical  Drawing. 8vo,  a  50 

Advanced  Mechanical  Drawing 8vo,  a  00 

Jones's  Machine  Design: 

Part  L    Kinematics  of  Machinery. 8vo,  1  so 

Part  II.     Form,  Strength,  and  Proportions  of  Parts 8vo,  3  00 

KacCord's  Elements  of  Descriptive  Geometry 8vo,  3  00 

Kinematics;  or,  Practical  Mechanism. 8vo,  5  00 

Mechanical  Drawing. 4 to,  4  00 

Velocity  Diagrams 8vo,  1  50 

MacLeod's  Descriptive  Geometry Small  8vo,  1  50 

*  Mahan's  Descriptive  Geometry  and  Stone-cutting 8vo,  1  50 

Industrial  Drawing.     (Thompson.) 8vo,  3  50 

Mover's  Descriptive  Geometry 8vo,  a  00 

Reed's  Topographical  Drawing  and  Sketching 4 to,  5  00 

Reid's  Course  in  Mechanical  Drawing 8vo,  a  00 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design. 8vo,  3  00 

Robinson's  Principles  of  Mechanism 8vo.  3  00 

Schwamb  and  Merrill's  Elements  of  Mechanism 8vo,  3  00 

Smith's  (R.  S.)  Manual  of  Topographical  Drawing.     (McMillan.) 8vo,  a  50 

Smith  (A.  W.)  and  Marx's  Machine  Design 8vo,  3  00 

*  Titsworth's  Elements  of  Mechanical  Drawing Oblong  8vo,  1  as 

Warren's  Elements  of  Plane  and  Solid  Free-hand  Geometrical  Drawing,  iamo,  z  00 

Drafting  Instruments  and  Operations iamo,  1  as 

Manual  of  Elementary  Projection  Drawing iamo,  z  50 

Manual  of  Elementary  Problems  in  the  Linear  Perspective  of  Form  and 

Shadow iamo,  1  00 

Plane  Problems  in  Elementary  Geometry iamo,  z  as 

Elements  of  Descriptive  Geometry,  Shadows,  and  Perspective 8vo,  3  50 

General  Problems  of  Shades  and  Shadows 8vo,  3  00 

Elements  of  Machine  Construction  and  Drawing 8vo,  7  50 

Problems,  Theorems,  and  Examples  in  Descriptive  Geometry 8vo,  a  so 

Weisbach's    Kinematics    and    Power    of    Transmission.        (Hermann    and 

Klein.) 8vo,  5  o*, 

Whelpley*s  Practical  Instruction  in  the  Art  of  Letter  Engraving iamo.  a  00 

Wilson's  (H.  M.)  Topographic  Surveying 8vo,  3  50 
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Wilson's  (V.  T.)  Free-hand  Perspective 8vo,    a  50 

Wilson's  (V.  T.)  Free-hand  Lettering. 8vo,    1  00 

Wootf* s  Elementary  Course  in  Descriptive  Geometry Large  8vot    3  00 

ELECTRICITY  AlfD  PHYSICS. 

*  Abegg's  Theory  of  Electrolytic  Dissociation.     (Von  Ende.) zamo, 

Anthony  and  Bracket's  Text-book  of  Physics.    (Magie.) Small  8vo, 

Anthony's  Lecture-notes  on  the  Theory  of  Electrical  Measurements tamo, 

Benjamin's  History  of  Electricity 8vo, 

Voltaic  CelL 8vo, 

Betts's  Lead  Refining  and  Electrolysis.     (In  Press.) 

Classen's  Quantitative  Chemical  Analysis  by  Electrolysis.     (Boltwood.).8vo, 

*  Collins'8  Manual  of  Wireless  Telegraphy zamo, 

Morocco, 
Crehore  and  Squier's  Polarizing  Photo-chronograph 8vo, 

*  Danneel's  Electrochemistry.    (Merriam.) tamo, 

Dawson's  "Engineering"  and  Electric  Traction  Pocket-book.  x6mo,  morocco, 
Dolezalek's  Theory  of  the  Lead  Accumulator  (Storage  Battery).  (Von  Ende.) 

12  mo, 

Duhem's  Thermodynamics  and  Chemistry.     (Burgess.) 8vo, 

Flatter's  Dynamometers,  and  the  Measurement  of  Power. zamo, 

Gilbert's  De  Magnete.     (Mottelay.) 8vo, 

Hanchett's  Alternating  Currents  Explained zamo, 

Hering's  Ready  Reference  Tables  (Conversion  Factors) i6mo,  morocco, 

Hbbart  and  Ellis's  High-speed  Dynamo  Electric  Machinery.     (In  Press.) 

Holman's  Precision  of  Measurements 8vo, 

Telescopic  Mirror-scale  Method,  Adjustments,  and  Tests Large  8vo» 

Xarapetoff's  Experimental  Electrical  Engineering.     (In  Press.) 

Kinzbrunner's  Testing  of  Continuous-current  Machines. 8vo, 

Landauer's  Spectrum  Analysis.     (Tingle.) 8vo( 

Le  Chatelier's  High-temperature  Measurements.  (Boudouard— Burgess.)  i2mo, 
Lob's  Electrochemistry  of  Organic  Compounds.     (Lorenz.) 8vo, 

*  Lyons's  Treatise  on  Electromagnetic  Phenomena.  Vols.  I.  and  H.  8vo,  each, 

*  Michie's  Elements  of  Wave  Motion  Relating  to  Sound  and  Light 8vo, 

Niaudet's  Elementary  Treatise  on  Electric  Batteries.     (Fishback.) ramo, 

Honis's  Introduction  to  the  Study  of  Electrical  Engineering.     (In  Press.) 

*  Parshall  and  Hobart's  Electric  Machine  Design 4 to,  half  morocco,  za  50 

Reagan's  Locomotives:   Simple,  Compound,  and  Electric.      New  Edition. 

Large  zamo,  3  50 

*  Rosenberg's  Electrical  Engineering.     (Haklane  Gee — Kinzbrunner.).  .  .8vo,  a  00 

Ryan,  Norris,  and  Hoxie's  Electrical  Machinery.     VoL  1 8vo,  a  50 

Thurston's  Stationary  Steam-engines 8vo,  a  50 

*  Tillman's  Elementary  Lessons  in  Heat 8vo,  z  50 

Tory  and  Pitcher's  Manual  of  Laboratory  Physics. Small  8vo,  a  00 

Hike's  Modern  Electrolytic  Copper  Refining 8vo,  3  00 

LAW. 

*  Davis's  Elements  of  Law 8vo,    a  50 

*  Treatise  on  the  Military  Law  of  United  States 8vo,    7  00 

*  Sheep,    7  SO 

*  Dudley's  Military  Law  and  the  Procedure  of  Courts- martial  . . .   Large  12 mo.    2  50 

Manual  for  Courts-martial. i6mo,  morocco,    1  50 

Waifs  Engineering  and  Architectural  Jurisprudence 8vo,    6  00 

Sheep,  6  50 
Law  of  Operations  Preliminary  to  Construction  in  Engineering  and  Archi- 
tecture.  8vo  5  00 

Sheep,  5  5© 

Law  of  Contracts 8vo,  3  00 

Winthrop's  Abridgment  of  Military  Law zamo,  a  50 
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MANUFACTURES. 

Bernadou's  Smokeless  Powder — Nitro-cellulose  and  Theory  of  the  Cellulose 

Molecule .i2mo 

Bolland's  Iron  Founder nmo 

The  Iron  Founder/'  Supplement. iamo 

Encyclopedia  of  Founding  and  Dictionary  of  Foundry  Terms  Used  in  the 
Practice  of  Moulding iamo, 

*  Claassen's  Beet-sugar  Manufacture.    (Hall  and  Rotfe.) 8vo 

*  Eckel's  Cements,  Limes,  and  Plasters 8vo, 

Eissler's  Modern  High  Explosives 8vo 

Effront's  Enzymes  and  their  Applications.     (Prescott.) 8vo, 

Fitzgerald's  Boston  Machinist i2mo, 

Ford's  Boiler  Making  for  Boiler  Makers i8mo 

Herrick's  Denatured  or  Industrial  Alcohol .8vo, 

HoOey  and  Ladd's  Analysis  of  Mixed  Paints,  Color  Pigments,  and  Varnishes. 

(In  Press.) 

Hopkins's  Oil-chemists'  Handbook 8vo 

Keep's  Cast  Iron. 8vo, 

Leach's  The  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 
Control Large  8vo, 

*  McKay  and  Larsen's  Principles  and  Practice  of  Butter-making 8vo, 

Maine's  Modern  Pigments  and  their  Vehicle*.     (In  Frees.) 

Matthews's  The  Textile  Fibres.     2d  Edition,  Rewritten 8vo, 

Metcalfe  Steel.    A  Maunal  for  Steel-users iamo, 

Metcalfe's  Cost  of  Manufactures  —And  the  Administration  of  Workshops  .  8vo, 

Meyer's  Modern  Locomotive  Construction 4to, 

Morse's  Calculations  used  in  Cane-sugar  Factories i6mo,  morocco, 

*  Reung*s  Guide  to  Piece-dyeing 8vo, 

Rice's  Concrete-block  Manufacture 8vo, 

Sabin's  Industrial  and  Artistic  Technology  of  Paints  and  Varnish 8vo, 

Smith's  Press-working  of  Metals 8vo, 

Spalding's  Hydraulic  Cement iamo, 

Spencer's  Handbook  for  Chemists  of  Beet-sugar  Houses i6mo,  morocco, 

Handbook  for  Cane  Sugar  Manufacturers i6mo,  morocco, 

Taylor  and  Thompson's  Treatise  on  Concrete,  Plain  and  Reinforced 8vo, 

Thurston's  Manual  of  Steam-boilers,  their  Designs,  Construction  and  Opera- 
tion   8vo, 

Ware's  Beet-sugar  Manufacture  and  Refining.    Vol.  I Small  8vo, 

Vol.  H 8vo, 

Weaver's  Military  Explosives 8vo, 

West's  American  Foundry  Practice iamo. 

Moulder's  Text-book  .  . . nmo, 

Wolff's  Windmill  as  a  Prime  Mover 8vo, 

Wood's  Rustless  Coatings:  Corrosion  and  Electrolysis  of  Iron  and  Steel .  .8vo, 
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MATHEMATICS. 

Baker's  Elliptic  Functions 8vo,  z  50 

Briggs'8  Elements  of  Plane  Analytic  Geometry i2mo,  1  00 

Buchanan's  Plane  and  Spherical  Trigonometry.     (In  Press.) 

Compton's  Manual  of  Logarithmic  Computations iamo,  x  50 

Davis's  Introduction  to  the  Logic  of  Algebra 8vo,  x  so 

*  Dickson's  College  Algebra Large  iamo,  1  50 

*  Introduction  to  the  Theory  of  Algebraic  Equations Large  iamo,  1  25 

Emch's  Introduction  to  Projective  Geometry  and  its  Applications 8vo,  2  50 

Halsted's  Elements  of  Geometry 8vo,  1  75 

Elementary  Synthetic  Geometry 8vo,  1  50 

*  Rational  Geometry iamo*  I  50 
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*  Johnson's  (J.  B.)  Three-place  Logarithmic  Tables:  Vest-pocket  size. paper,        15 

100  copies  for    5  00 

*  Mounted  on  heavy  cardboard,  8X10  inches,        25 

10  copies  for    2  00 
Johnson's  (W.  W.)  Elementary  Treatise  on  Differential  Calculus .  .Small  8vo,    3  00 

Elementary  Treatise  on  the  Integral  Calculus Small  8vo,     1  $0 

Johnson's  (W.  W.)  Curve  Tracing  in  Cartesian  Co-ordinates iamo,     x  00 

Johnson's  (W.  W.)  Treatise  on  Ordinary  and  Partial  Differential  Equations. 

Small  8vo,    3  50 

Johnson's  Treatise  on  the  Integral  Calculus Small  8vo,     3  00 

Johnson's  (W.  W,)  Theory  of  Errors  and  the  Method  of  Least  Squares.  X2mo,     x  50 

*  Johnson's  (W.  W.)  Theoretical  Mechanics iamo,     3  00 

Laplace's  Philosophical  Essay  on  Probabilities.    (Truscott  and  Emory.  ).i2mo,     2  00 

*  Ludlow  and  Bass.    Elements  of  Trigonometry  and  Logarithmic  and  Other 

Tables 8vo,    3  00 

Trigonometry  and  Tables  published  separately Each,     2  00 

*  Ludlow's  Logarithmic  and  Trigonometric  Tables 8vo,     x  00 

Manning's  Irrationallf  umbers  and  their  Representation  by  Sequences  and  Series 

iamo,     1  25 
Mathematical  Monographs.    Edited  by  Mansfield  Merriman  and  Robert 

S.  Woodward Octavo,  each    x  00 

No.  x.  History  of  Modern  Mathematics,  by  David  Eugene  Smith. 
No.  2.  Synthetic  Projective  Geometry,  by  George  Bruce  Hakted. 
No.  3.  Determinants,  by  Laenas  Gifford  Weld.  No.  4.  Hyper- 
bolic Functions,  by  James  McMahon.  No.  S.  Harmonic  Func- 
tions, by  William  E.  Byerly.  No.  6.  Grassmann's  Space  Analysis, 
by  Edward  W.  Hyde.  No.  7.  Probability  and  Theory  of  Errors, 
by  Robert  S.  Woodward.  No.  8.  Vector  Analysis  and  Quaternions, 
by  Alexander  Macfarlane.  No.  9.  Differential  Equations,  by 
William  Woobey  Johnson.  No.  10.  The  Solution  of  Equations, 
by  Mansfield  Merriman.  No.  xi.  Functions  of  a  Complex  Variable, 
by  Thomas  S.  Fiske. 

Maurer's  Technical  Mechanics 8vo,    4  00 

Merriman's  Method  of  Least  Squares. 8vo,    2  00 

Rice  and  Johnson's  Elementary  Treatise  on  the  Differential  Calculus. .  Sm.  8vo,    3  00 
Differential  and  Integral  Calculus.     2  vols,  in  one Small  8vo,    2  50 

*  Veblen  and  Lennes's  Introduction  to  the  Real  Infinitesimal  Analysis  of  One 

Variable 8vo,   2  00 

Wood's  Elements  of  Co-ordinate  Geometry 8vo,    2  00 

Trigonometry:  Analytical,  Plane,  and  Spherical iamo,    1  00 


MECHANICAL  ENGINEERING. 

MATERIALS  OF  ENGINEERING,  STEAM-ENGINES  AND  BOILERS. 

Bacon's  Forge  Practice 12 mo,  x  50 

Baldwin's  Steam  Heating  for  Buildings iamo,  2  50 

Barr's  Kinematics  of  Machinery 8vo,  2  50 

•  Bartlett's  Mechanical  Drawing 8vo,  3  00 

*  "                  "                "        Abridged  Ed 8vo,  1  50 

Benjamin's  Wrinkles  and  Recipes i2mo,  2  00 

Carpenter's  Experimental  Engineering 8vo,  6  00 

Heating  and  Ventilating  Buildings 8vo,  4  00 

Clerk's  Gas  and  Oil  Engine Small  8vo,  4  00 

Coolidge's  Manual  of  Drawing. 8vo,  paper,  x  00 

Coolidge  and  Freeman's.  Elements  of  General  Drafting  for  Mechanical  En- 
gineers  Oblong  4to,  2  50 

Cromwell's  Treatise  on  Toothed  Gearing i2xno,  x  50 

Treatise  on  Belts  and  Pulleys. xsmo,  1  50 
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Durley'g  Kinematics  of  Machines 8vo,  4  00 

Flather's  Dynamometers  and  the  Measurement  of  Power. zamo,  3  00 

Rope  Driving. , zamo,  2  00 

Gill's  Gas  and  Fuel  Analysis  for  Engineers zamo,  1  as 

Hall's  Car  Lubrication zamo,  z  00 

Hering's  Ready  Reference  Tables  (Conversion  Factors) i6mo,  morocco,  a  50 

Hutton's  The  Gas  Engine. 8vo»  5  00 

Jamison's  Mechanical  Drawing. 8vo,  a  50 

Jones's  Machine  Design : 

Part  L     Kinematics  of  Machinery* 8vo,  z  50 

Part  IL     Form,  Strength,  and  Proportions  of  Parts 8vo,  3  00 

Kent's  Mechanical  Engineers'  Pocket-book. z6mo,  morocco.  5  00 

Kerr's  Power  and  Power  Transmission. 8vo,  a  00 

Leonard's  Machine  Shop,  Tools,  and  Methods 8vo,  4  00 

*  Lorenz's  Modern  Refrigerating  Machinery.    (Pope,  Haven,  and  Dean.) . .  8vo,  4  00 
MacCord's  Kinematics;  or,  Practical  Mechanism 8vo,  5  00 

Mechanical  Drawing 4to,  4  00 

Velocity  Diagrams 8vo,  z  50 

MacFarland's  Standard  Reduction  Factors  for  Gases 8vo,  z  50 

Mahan's  Industrial  Drawing.     (Thompson.) 8vo,  3  5<> 

Poole's  Calorific  Power  of  Fuels. 8vo,  3  00 

Raid's  Course  in  Mechanical  Drawing 8vo.  a  00 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design. 8 vo,  3  00 

Richard's  Compressed  Air nmo,  z  50 

Robinson's  Principles  of  Mechanism 8vo,  3  00 

Schwamb  and  Merrill's  Elements  of  Mechanism 8vo,  3  00 

Smith's  (O.)  Press-working  of  Metals 8vo,  3  00 

Smith  (A.  W.)  and  Marx's  Machine  Design 8vo,  3  00 

Thurston's  Treatise   on   Friction  and   Lost   Work   in  Machinery  and  Mill 

Work. 8vo,  3  00 

Animal  as  a  Machine  and  Prime  Motor,  and  the  Laws  of  Energetics.  12 mo,  z  00 

Tillson's  Complete  Automobile  Instructor i6mo,  z  50 

Morocco,  2  00 

Warren's  Elements  of  Machine  Construction  and  Drawing 8vo.  7  50 

Weisbach's    Kinematics    and    the   Power    of    Transmission.     (Herrmann — 

Klein.) 8vo,  5  00 

Machinery  of  Transmission  and  Governors.     (Herrmann — Klein.).  .8vo,  5  00 

Wolff's  Windmill  as  a  Prime  Mover 8vo,  3  00 

Wood's  Turbines 8vo,  a  50 

MATERIALS  OF  ENGINEERING. 

*  Bovey's  Strength  of  Materials  and  Theory  of  Structures 8vo,  7  50 

Burr's  Elasticity  and  Resistance  of  the  Materials  of  Engineering.    6th  Edition. 

Reset 8vo,  7  50 

Church's  Mechanics  of  Engineering 8vo,  6  00 

*  Greene's  Structural  Mechanics 8vo,  a  50 

Johnson's  Materials  of  Construction 8vo,  6  00 

Keep's  Cast  Iron. 8vo,  a  50 

Lanza's  Applied  Mechanics 8vo,  7  50 

Martens's  Handbook  on  Testing  Materials.     (Henning.) 8vo,  7  5© 

Maurer's  Technical  Mechanics 8vo,  4  00 

Merriman's  Mechanics  of  Materials 8vo,  5  00 

*  Strength  of  Materials zamo,  z  00 

Metcalf'8  Steel     A  Manual  for  Steel-users zamo,  a  00 

Sabin's  Industrial  and  Artistic  Technology  of  Paints  and  Varnish 8vo,  3  00 

Smith's  Materials  of  Machines zamo,  z  00 

Thurston's  Materials  of  Engineering 3  vols.,  8vo,  8  00 

Part  n.     Iron  and  Steel 8vo,  3  5© 

Part  IH.     A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8vo,  a  50 
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Wood's  (De  V.)  Treatise  on  the  Resistance  of  Materials  and  an  Appendix  on 

the  Preservation  of  Timber 8vo,    a  00 

Elements  of  Analytical  Mechanics. 8vo,    3  00 

Wood's  (M.  P.)  Rustless  Coatings:   Corrosion  and  Electrolysis  of  Iron  and 

Steel 8vo,    4  00 

STEAM-ENGINES  AND  BOILERS. 

Berry's  Temperature-entropy  Diagram. zamo,    z  25 

Carnot's  Reflections  on  the  Motive  Power  of  Heat     (Thurston.) zamo,    z  50 

Creighton's  Steam-engine  and  other  Heat-motors.  .     8vo,    500 

Dawson's  "Engineering"  and  Electric  Traction  Pocket-book z6mo,  mor.,    5  00 

Ford's  Boiler  Making  for  Boiler  Makers. z8mo,    z  00 

Goss's  Locomotive  Sparks. 8vo,    a  00 

Locomotive  Performance 8vo,  5  00 

Hemenway*s  Indicator  Practice  and  Steam-engine  Economy zamo,    2  00 

Button's  Mechanical  Engineering  of  Power  Plants. 8vo,  <  5  00 

Heat  and  Heat-engines 8vo,    5  00 

Kent's  Steam  boiler  Economy. 8vo,    4  00 

Kneass's  Practice  and  Theory  of  the  Injector 8vo,    z  50 

MacCord's  Slide-valves. 8vo,    a  00 

Meyer's  Modern  Locomotive  Construction. 4 to,  zo  00 

Peabody*s  Manual  of  the  Steam-engine  Indicator zamo,    z  50 

Tables  of  the  Properties  of  Saturated  Steam  and  Other  Vapors 8vo,    z  00 

Thermodynamics  of  the  Steam-engine  and  Other  Heat-engines. 8vo,    5  00 

Valve-gears  for  Steam-engines. 8vo,    a  50 

Peabody  and  Miller's  Steam-boilers 8vo,    4  00 

Play's  Twenty  Years  with  the  Indicator. Large  8vo,    a  50 

Pupin's  Thermodynamics  of  Reversible  Cycles  in  Gases  and  Saturated  Vapors. 

(Osterberg.) zamo,    z  as 

Reagan's  Locomotives:  Simple,  Compound,  and  Electric.     New  Edition. 

Large  zamo,    3  50 

Sinclair's  Locomotive  Engine  Running  and  Management zamo,    a  00 

Smart's  Handbook  of  Engineering  Laboratory  Practice zamo,    a  50 

Snow's  Steam-boiler  Practice 8vo,    3  00 

Spangler's  Valve-gears. 8vo,    a  50 

Notes  on  Thermodynamics zamo,    z  00 

Spangler,  Greene,  and  Marshall's  Elements  of  Steam-engineering 8vo,    3  00 

Thomas's  Steam-turbines 8vo,    3  so 

Thurston's  Handy  Tables. 8vo,    z  50 

Manual  of  the  Steam-engine a  vols.,  8vo,  zo  00 

Part  I.    History,  Structure,  and  Theory. 8vo,    6  00 

Part  IL     Design,  Construction,  and  Operation 8vo,    6  00 

Handbook  of  Engine  and  Boiler  Trials,  and  the  Use  of  the  Indicator  and 

the  Prony  Brake 8vo,    5  00 

Stationary  Steam-engines. 8vo,    a  50 

Steam-boiler  Explosions  in  Theory  and  in  Practice zamo,    z  50 

M«n^i  of  Steam-boilers,  their  Designs,  Construction,  and  Operation .  8vo,    5  00 
Wehrenfenning*s  Analysis  and  Softening  of  Boiler  Feed-water  (Patterson)  8vo,    4  00 

Weisbach's  Heat,  Steam,  and  Steam-engines.     (Du  Bo  is.) 8vo,    5  00 

Whitham's  Steam-engine  Design 8vo,    5  00 

Wood's  Thermodynamics*  Heat  Motors,  and  Refrigerating  Machines. .  .8vo,    4  00 


MECHANICS  AND  MACHINERY. 

Barr*s  Kinematics  of  Machinery. 8vo,  a  50 

*  Bovey's  Strength  of  Materials  and  Theory  of  Structures 8vo,  7  so 

Chase's  The  Art  of  Pattern-making. zamo,  a  50 
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Church's  Mechanics  of  Engineering 8vo,  6  oo 

Notes  and  Examples  in  Mechanics 8vo,  a  oo 

Compton's  First  Lessons  in  Metal-working iamo,  i  50 

Compton  and  De  Groodt's  The  Speed  Lathe iamo,  1  «o 

Cromwell's  Treatise  on  Toothed  Gearing iamo,  1  50 

Treatise  on  Belts  and  Pulleys. iamo,  z  50 

Dana's  Text-book  of  Elementary  Mechanics  for  Colleges  and  Schools. .  iamo,  z  50 

Dingey's  Machinery  Pattern  Making iamo,  a  00 

Dredge's  Record  of  the  Transportation  Exhibits  Building  of  the  World's 

Columbian  Exposition  of  1893 4to  half  morocco,  5  00 

Du  Bois's  Elementary  Principles  of  Mechanics: 

VoL     I.    Kinematics. 8vo,  3  50 

VoL    II.     Statics 8vo,  4  00 

Mechanics  of  Engineering.    VoL    I Small  4to»  7  50 

VoL  IL Small  4to,  zo  00 

Durley*s  Kinematics  of  Machines. 8vo,  4  00 

Fitzgerald's  Boston  Machinist. i6mo,  z  00 

Flather's  Dynamometers,  and  the  Measurement  of  Power iamo,  3  00 

Rope  Driving. iamo,  2  00 

Goss's  Locomotive  Sparks. 8vo.  a  00 

Locomotive  Performance 8vo,  5  00 

*  Greene's  Structural  Mechanics. 8vo,  a  50 

Hall's  Car  Lubrication iamo,  z  00 

Hobart  and  Ellis's  High-speed  Dynamo  Electric  Machinery.     (In  Press.) 

Holly's  Art  of  Saw  Filinc i8mo,  75 

James's  Kinematics  of  a  Point  and  the  Rational  Mechanics  of  a  Particle. 

Small  8vo,  a  00 

*  Johnson's  (W.  W.)  Theoretical  Mechanics. lanio,  3  00 

Johnson's  (L.  J.)  Statics  by  Graphic  and  Algebraic  Methods. 8vo,  a  00 

Jones's  Machine  Design: 

Part   L    Kinematics  of  Machinery 8vo,  z  50 

Part  IL     Form,  Strength,  and  Proportions  of  Parts 8vo,  3  00 

Kerr's  Power  and  Power  Transmission. 8vo,  a  00 

Lanza's  Applied  Mechanics 8vo,  7  50 

Leonard's  Machine  Shop,  Tools,  and  Methods 8vo,  4  00 

*  Lorenz's  Modern  Refrigerating  Machinery.     (Pope,  Haven,  and  Dean.). 8vo,  400 
MacCord's  Kinematics;  or,  Practical  Mechanism 8vo,  5  00 

Velocity  Diagrams. 8vo,  z  50 

*  Martin's  Text  Book  on  Mechanics,  VoL  I,  Statics iamo,  z  as 

*  Vol.  2,  Kinematics  and  Kinetics  .  .i2mo,  150 

Maurer*s  Technical  Mechanics. 8vo,  4  00 

Merriman's  Mechanics  of  Materials. 8vo,  5  00 

*  Elements  of  Mechanics. iamo,  1  00 

*  Michie's  Elements  of  Analytical  Mechanics 8vo,  4  00 

*  Parshall  and  Hobart's  Electric  Machine  Design 4to,  half  morocco,  za  50 

Reagan's  Locomotives:  Simple,  Compound,  and  Electric.     New  Edition. 

Large  iamo,  3  50 

Reid's  Course  in  Mechanical  Drawing. .8vo,  a  00 

Text-book  of  Mechanical  Drawing  and  Elementary  Machine  Design.  8vo,  3  00 

Richards's  Compressed  Air. iamo,  z  50 

Robinson's  Principles  of  Mechanism. 8vo,  3  00 

Ryan,  Norris,  and  Hoxie's  Electrical  Machinery.    VoL  1 8vo,  a  50 

Sanborn's  Mechanics:  Problems Large  iamo,  z  50 

Schwamb  and  Merrill's  Elements  of  Mechanism. 8vo,  3  00 

Sinclair's  Locomotive-engine  Running  and  Management iamo,  a  00 

Smith's  (O.)  Press-working  of  Metals 8vo,  3  00 

Smith's  (A.  W.)  Materials  of  Machines. iamo,  1  00 

Smith  (A.  W.)  and  Marx's  Machine  Design. .8vo,  3  00 

Sorel's  Carbureting  and  Combustion  of  Alcohol  Engines.    (Woodward  and 

Preston.) - Lares  tro,  3  o» 
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Spongier,  Greene,  and  Marshall's  Elements  of  Steam-engineering. 8vo.  3  00 

Thurston's  Treatise  on  Friction  and  Lost  Work  in    Machinery  and    Mill 

Work. 8vo,  3  00 

Animal  as  a  Machine  and  Prime  Motor,  and  the  Lawc  of  Energetics,  xamo,  z  00 

Tilhon's  Complete  Automobile  instructor i6mo,  z  50 

Morocco.  a  00 

Warren's  Elements  of  Machine  Construction  and  Drawing 8vo,  7  50 

Welsbach's  Kinematics  and  Power  ol  Transmission.  (Herrmann — Klein.  ).8vo.  5  00 

Machinery  of  Transmission  and  Governors.      (Herrmann — Klein. ).8vo.  5  00 

Wood's  Elements  of  Analytical  Mechanics. 8vo,  3  00 

Principles  of  Elementary.  Mechanics xamo,  z  as 

Turbines 8vo,  a  50 

The  World's  Columbian  Exposition  of  1893  ... 410,  z  00 

MEDICAL. 

♦Bolduan's  Immune  Sera i2mo,  1  50 

De  Fursac's  Manual  of  Psychiatry.     (Rosanoff  and  Collins.).  . .  .Large  xamo,  a  50 

Ehrlxh's  Collected  Studies  on  Immunity.     (Bolduan.) 8vo,  6  00 

*  Fischer's  Physiology  of  Alimentation Large  l2mo.  cloth,  2  00 

Hammarsten's  Text-book  on  Physiological  Chemistry.     (Mandel.) 8vo,  4  00 

Lassar-Cohn'8  Practical  Urinary  Analysis.     (Lorenz.) iarco,  z  00 

*  Pauli's  Physical  Chemistry  in  the  Service  of  Medicine.     (Fischer.) xamo,  z  as 

*  Pozzi-Escot's  The  Toxins  and  Venoms  and  their  Antibodies.     (Cohn.).  xamo,  z  00 

Rostoski's  Serum  Diagnosis.     (Bolduan.) xamo,  x  00 

Salkowski's  Physiological  and  Pathological  Chemistry.     (Orndorff.) 8vo,  a  50 

*  Satterlee's  Outlines  of  Human  Embryology xamo,  x  as 

Steel's  Treatise  on  the  Diseases  of  the  Dog 8vo,  3  50 

Von  Behring's  Suppression  of  Tuberculosis.     (Bolduan.) xamo,  x  00 

WoodbuU's  Notes  on  Military  Hygiene x6mot  z  50 

*  Personal  Hygiene xamo,  z  00 

Wiilting's  An  Elementary  Course  in  Inorganic  Pharmaceutical  and  Medical 

Chemistry zamo,  a  00 

METALLURGY. 

Betts's  Lead  Refining  by  Electrolysis.    (In  Press.) 

Egleston's  Metallurgy  of  Silver,  Gold,  and  Mercury: 

Vol.   L    Silver 8vo,  7  50 

VoL  II.    Gold  and  Mercury 8vo,  7  50 

Goesel's  Minerals  and  Metals:    A  Reference  Book , z6mo,  mor.  3  00 

*  Iles's  Lead-smelting xamo,  a  50 

Keep's  Cast  Iron 8vo,  a  50 

Kunhardt's  Practice  of  Ore  Dressing  in  Europe 8vo,  z  50 

Le  Chatelier's  High-temperature  Measurements.  (Boudouard — Burgess.)xamo,  3  00 

Metcalf'8  SteeL     A  Manual  for  Steel-users xamo,  a  00 

Miller's  Cyanide  Process zamo,  z  00 

Minef s  Production  of  Aluminum  and  its  Industrial  Use.     (Waldo.) iamo,  a  50 

Robine  and  Lenglen's  Cyanide  Industry.     (Le  Clerc.) 8vo,  4  00 

Smith's  Materials  of  Machines xamo,  z  00 

Thurston's  Materials  of  Engineering.    In  Three  Parts 8vo,  8  eo 

Part   n.     Iron  and  SteeL 8vo,  3  jq 

Part  HX    A  Treatise  on  Brasses,  Bronzes,  and  Other  Alloys  and  their 

Constituents 8vo,  a  so 

Ulke's  Modern  Electrolytic  Copper  Refining 8V0|  3  00 

MINERALOGY. 

Barrlnger's  Description  of  Minerals  of  Commercial  Value.   Oblong,  morocco,  a  50 

Boyd's  Resources  of  Southwest  Virginia. 8vo,  3  00 
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Boyd's  Map  of  Southwest  Virignia. Pocket-book  form,  a  oo 

*  Browning's  Introduction  to  the  Rarer  Elements 8vo,  I  &> 

Brush's  Manual  of  Determinative  Mineralogy.     (Penfield.) 8vo,  4  00 

Chester's  Catalogue  of  Minerals. 8vof  paper,  1  00 

Cloth,  z  25 

Dictionary  of  the  Names  of  Minerals 8vo»  3  50 

Dana's  System  of  Mineralogy Large  8vo,  half  leather,  la  50 

First  Appendix  to  Dana's  Hew  "  System  of  Mineralogy." Large  8vo,  z  00 

Text-book  of  Mineralogy gVOf  A  00 

Minerals  and  How  to  Study  Them iamo,  z  50 

Catalogue  of  American  Localities  of  Minerals. Large  8vot  1  00 

Manual  of  Mineralogy  and  Petrography 12 mo  2  00 

Douglas's  Untechnical  Addresses  on  Technical  Subjects. i2mo,  z  00 

Eakk's  Mineral  Tables 8vo,  z  as 

Egleston's  Catalogue  of  Minerals  and  Synonyms 8vo,  a  50 

Goesel's  Minerals  and  Metals :    A  Reference  Book iomo,  mar.  3  00 

Groth's  Introduction  to  Chemical  Crystallography  (Marshall) iamo,  z  as 

Iddings's  Rock  Minerals 8vo,  5  00 

Jofcannsen'8  Key  for  the  Determination  of  Rock-forming  Minerals  m  Thin 
Sections.    (In  Press.) 

*  Martin's  Laboratory  Guide  to  Qualitative  Analysis  with  the  Blowpipe,  iamo,  60 
Merrill's  Non-metallic  Minerals.  Their  Occurrence  and  Uses 8vo,  4  00 

Stones  for  Building  and  Decoration . .  8vo,  5  00 

*  Penfield's  Notes  on  Determinative  Mineralogy  and  Record  of  Mineral  Tests. 

8vo,  paper,  50 

Tables  of  Minerals &vot  1  00 

*  Richards's  Synopsis  of  Mineral  Characters iamo.  morocco,  z  as 

*  Ries's  Clays.  Their  Occurrence.  Properties,  and  Uses. 8vo,  5  00 

Rosenbusch's  Microscopical  Physiography  of  the  Rock-making  Minerals. 

(Iddings.) 8vo,  5  00 

*  Tillman's  Text-book  of  Important  Minerals  and  Rocks. 8vo.  a  00 

MINING. 

Beard's  Mine  Gases  and  Explosions.     (In  Press.) 

Boyd's  Resources  of  Southwest  Virginia. 8vo,  3  00 

Map  of  Southwest  Virginia. Pocket-book  form,  a  00 

Douglas's  Untechnical  Addresses  on  Technical  Subjects. iamo,  z  00 

Eissler's  Modern  High  Explosives 8vo.  4  00 

Goesel's  Minerals  and  Metals :    A  Reference  Book i6mo,  mor.  3  00 

Goodyear's  Coal-mines  of  the  Western  Coait  of  the  United  States. iamo,  a  50 

Ihlseng's  Manual  of  Mining., 8vo,  5  00 

*  Bes's  Lead-smelting iamo,  a  so 

Kunhardt's  Practice  of  Ore  Dressing  in  Europe 8vo,  z  so 

Miller's  Cyanide  Process iamo,  1  00 

O'Driscoll's  Notes  on  the  Treatment  of  Gold  Ores 8v«,  a  00 

Robine  and  Lenglen's  Cyanide  Industry.     (Le  Clerc.). 8vo,  4  00 

Weaver's  Military  Explosives. 8vof  3  00 

Wilson's  Cyanide  Processes. iamo.  z  50 

Chlorination  Process zamo,  z  50 

Hydraulic  and  Placer  Mining,    ad  edition,  rewritten iamo,  a  50 

Treatise  on  Practical  and  Theoretical  Mine  Ventilation. iamo,  z  as 

SANITARY  SCIENCE. 

Bashore's  Sanitation  of  a  Country  House iamo,  z  00 

*  Outlines  ot  Practical  Sanitation iamo,  z  as 

FohvelTs  Sewerage.    (Designing,  Construction,  and  Maintenance.) 8vo,  3  00 

Water-supply  Engineering. 8vo,  4  00 
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Fowler's  Sewage  Works  Analyses iamo,    a  OO 

Puertes's  Water  and  Public  Health iamo,    i  50 

Water-filtration  Works iamo,    a  50 

Gerhard's  Guide  to  Sanitary  House-inspection i6mo,    1  00 

Sanitation  of  Public  Buildings l2mo,     1  50 

Hazen's  Filtration  of  Public  Water-supplies 8vo,    3  00 

Xeach's  The  Inspection  and  Analysis  of  Food  with  Special  Reference  to  State 

Control 8vo,    7  50 

Mason's  Water-supply.  (Considered  principally  from  a  Sanitary  Standpoint)  8vo,   4  00 

Examination  of  Water.     (Chemical  and  Bacteriological.) iamo,    i  as 

*  Merriman's  Elements  of  Sanitary  Engineering 8vq,    a  00 

Ogden's  Sewer  Design iamo,    a  00 

Prescott  and  Winslow's  Elements  of  Water  Bacteriology,  with  Special  Refer- 
ence to  Sanitary  Water  Analysis. iamo,    1  as 

*  Price's  Handbook  on  Sanitation. iamo,    1  50 

Kichards's  Cost  of  Food.     A  Study  in  Dietaries iamo,    1  00 

Cost  of  Living  as  Modified  by  Sanitary  Science iamo,    1  00 

Cost  of  Shelter iamo,    1  00 

Richards  and  Woodman's  Air.  Water,  and  Food  from  a  Sanitay  Stand- 
point   8vo,    a  00 

*  Richards  and  Williams's  The  Dietary  Computer 8vo,    1  50 

Rideal's  S.  wage  and  Bacterial  Purification  of  Sewage 8vo,    4  00 

Disinfection  and  the  Preservation  of  Food 8vo,    4  oj 

Turneaure  and  Russell's  Public  Water-supplies 8vo,    5  00 

▼on  Bearing's  Suppression  of  Tuberculosis.     (Bolduan.) iamo,    1  00 

Whipple's  Microscopy  of  Drinking-water »vo,    3  so 

Wilson's  Air  Conditioning.    (In  Press. ) 

Winton's  Microscopy  of  Vegetable  Foods 8vo,    7  so 

Woodhull's  Notes  on  Military  Hygiene iCmo,    1  50 

*  Personal  Hygiene. iamo,    1  00 


MISCELLANEOUS. 

Association  of  State  and  National  Food  and  Dairy  Departments  (Interstate 
Pore  Food  Commission) : 

Tenth  Annual  Convention  Held  at  Hartford,  July  17-20,  1906.  ...8vo,     3  00 
Eleventh   Annual   Convention,   Held  at  Jamestown  Tri-Centennial 
Exposition,  July  16-19,  1907.     (In  Press.) 
Emmons's  Geological  Guide-book  of  the  Rocky  Mountain  Excursion  of  the 

International  Congress  of  Geologists Large  Cvo,    1  50 

Ferrers  Popular  Treatise  on  the  Winds. 8vo,    4  00 

Gannett's  Statistical  Abstract  of  the  World 24010.       75 

Gerhard's  The  Modern  Bath  and  Bath-houses.    (In  Press.) 

Haines's  American  Railway  Management iamo,    a  50 

Ricketts's  History  of  Rensselaer  Polytechnic  Institute,  1834-1894.. Small  8vo,    3  00 

Rotherham's  Emphasized  New  Testament Large  8vo,    a  o© 

Standage's  Decorative  Treatment  of  Wood,  Glass,  Metal,  etc.     (In  Press.) 

The  World's  Columbian  Exposition  of  1803 4 to,    1  00 

'  Winslow's  Elements  of  Applied  Microscopy iamo,    1  so 


HEBREW  AND  CHALDEE  TEXT-BOOKS. 

Green's  Elementary  Hebrew  Grammar iamo,  1  as 

Hebrew  Chrestomathy 8vo,  a  00 

Oesenius's  Hebrew  and  Chaldee  Lexicon  to  the  Old  Testament  Scriptures. 

(Tregelles.) Small  4to,  half  morocco  5  00 

Letteris's  Hebrew  Bible 8vo,  a  as 
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